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ABSTRACT
T u rb u len t in te rc h a n g e  r a t e s  betw een two a d ja c e n t  t r i a n g u la r  
su b ch an n e ls  were m easured f o r  tw o-phase a i r - w a te r  f lo w s . The subchannels 
w ere p h y s ic a l ly  s e p a ra te d  by  an 0 .0 0 6  in  s t a i n l e s s  s t e e l  s t r i p  
ex ce p t i n  th e  m ixing s e c t io n ,  where a  s l o t  IS  i n  by  0.04- i n  wide (L/Dg=115) 
was c u t .  Methane and p o ta ss iu m  n i t r a t e  were employed a s  t r a c e r s  
f o r  a i r  and w a te r  r e s p e c t iv e ly .  A gas chrom ato g raph and an atom ic 
a b s o rp tio n  u n i t  were u sed  f o r  gas and l i q u id  a n a ly se s  r e s p e c t iv e ly .
Two-phase a .ir -w a te r  tu r b u le n t  in te rc h a n g e  r a t e s  w ere determ ined  
a t  a  system  p re s s u re  o f  50 p s i a  o v er a  mass f lu x  range  o f  0 .5  z  10^ 
to  1 .5  X 10^ ( lb m ) / ( h r ) ( f t )  and a  q u a l i ty *  ran g e  o f  0.01% to  10%.
I n  a d d i t io n  th e  tw o-phase p re s s u re  drop was re c o rd e d  a s  w e ll  a s  
v o id  f r a c t io n  d a ta .
The a i r  and w a te r m ix ing  r a t e s  showed maximas a t  6% q u a l i ty  
f o r  th e  a i r  and 0.7% q u a l i t y  f o r  th e  w a te r . The a i r  and w a te r  m ixing 
r a t e s  in c re a s e d  a s  th e  q u a l i t y  and mass f lu x  in c re a s e d .  The m ixing 
r a t e s  were found to  be a fu n c tio n  o f  th e  subchannel q u a l i t y  and 
w ere flo w  regim e dependen t. T his was i n  q u a l i t a t i v e  agreem ent w ith  
p re v io u s  w orks. At low q u a l i t i e s  th e  l i q u id  in te rc h a n g e  was enhanced, 
w ith  a  g rad u a l change to  th e  o p p o s ite  e f f e c t  i n  th e  in te rm e d ia te  
q u a l i t i e s ,  and th e n  equ a l m ix ing  a s  homogeneous flo w  c o n d itio n s  
w ere approached .
In  th e  second phase o f  t h i s  s tu d y  tu r b u le n t  m ix ing  r a t e s  
betw een subchannels  were m easured when uneq u a l mass f lu x  and q u a l i ty
'Q u a li ty  i s  d e f in e d  h ere  a s  th e  r a t i o  o f  a i r  mass flow  r a t e  to  th e  
t o t a l  a i r  and w a te r mass flo w  r a t e s .
i i i
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
e x is te d  in  th e  a d ja c e n t  f lo w  a r e a s .
I t  was n o te d  t h a t  f o r  th e  above c o n d itio n s  th e r e  was a  n e t  flow  
o f  a i r  from th e  h ig h  to  th e  low  q u a l i t y  su b ch an n e l. S im ila r ly  th e r e  was 
a  n e t  flo w  o f  w a te r  from th e  low  q u a l i t y  to  th e  h ig h  q u a l i ty  
sub ch an n e l. T h is  t r a n s f e r  o f  m ass (g as  o r  l iq u id )  was term ed th e  
tu r b u le n t  mass flow  w ith  th e  sym bol, j ^  (ib m /h r) o r  th e  tu r b u le n t  mass 
flux ;, ( ib m /h r f t ^ )  u s in g  th e  gap in te r c o n n e c t io n  space  a s  th e  
c o n t ro l  a r e a .  The w a te r  tu r b u le n t  mass f lu x  was found to  be  p ro p o r t io n a l
to  a  mean d r iv in g  f o r c e , ^ ( 1  - ( X ) ,  t h a t  e x i s te d  betw een th e  su b c h a n n e ls . 
T h is  was a ls o  th e  ca se  f o r  a i r  up to  a  A o f  8%. Any f u r t h e r  in c re a s e  
i n  th e  mean d r iv in g  fo rc e  d id  n o t  r e s u l t  i n  h ig h e r  a i r  tu r b u le n t  
mass f lu x e s .
The tu r b u le n t  v o lu m e tr ic  f lu x e s ,  ( f t ^ / h r  f t ^ ) ,  gave 
i d e n t i c a l  shaped p lo t s  a s  th e  tu r b u le n t  mass f lu x e s ,  J ^ ( lb m /h r  f t ^ ) ,  
b u t  w ith  th e  a i r  tu r b u le n t  v o lu m e tr ic  f lu x  ap p ro x im a te ly  an  o rd e r  
o f  m agnitude g r e a t e r .  P ic k s  F i r s t  law  o f  d i f f u s io n  was u sed  to  
d e f in e  a  mass t r a n s f e r  c o e f f i c i e n t ,  k ^ .
U sing  a  s im p l i f ie d  t r a c e r  m ass b a la n c e  th e  tu r b u le n t  m ix ing
+  4-
r a t e s ,  ¥g and w ere p r e d ic te d  when a i r  and w a te r  tu r b u le n t  mass 
flow s w ere ta k in g  p la c e .  The a i r  and w a te r  tu r b u le n t  m ix ing  r a t e s  
were found to  b e  s u rp re s s e d  u s in g  t h i s  m odel.
I V
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1 . INTRODUCTION
The h e a r t  o f  a  n u c le a r  powered r e a c to r  i s  i t s  f u e l  b u n d le s  
w hich  c o n s is t  o f  a  p a r a l l e l  m a tr ix  o f  ro d s  fo rm ing  in te rc o n n e c te d  
subchannels’' a s  shown in  F ig .  1 .1 .  The p r e d ic t io n  o f  c r i t i c a l  
h e a t  f lu x  in  o rd e r  to  d e s ig n  r e a c to r s  o f  h ig h e r  th e rm a l e f f ic ie n c y  
h as  n e c e s s i t a te d  th e  d e te rm in a tio n  o f  th e  e f f e c t s  w hich acc o u n t 
f o r  th e  in te rc h a n g e  o r  m ix in g  o f  c o o la n t betw een bu n d le  su b ch an n e ls . 
W ith th e  ad v en t o f  b o i l in g  w a te r  r e a c to r s  th e  s tu d y  o f  c o o la n t 
m ix ing  has expanded to  in c lu d e  tw o-phase l i q u i d  vapour sy stem s.
T h is  s tu d y  c o n s is te d  o f  two m ajo r p a r t s .  The f i r s t  was 
concerned  w ith  th e  m easurem ent o f  tu r b u le n t  m ix ing  r a t e s  betw een 
two id e n t i c a l  a d ja c e n t  f lo w  ch an n e ls  in  a  t r i a n g u l a r  a r r a y  when 
d iv e rs io n  c ro s s - f lo w  and fo rc e d  m ix ing  e f f e c t s  w ere a b s e n t .  The 
second p a r t  was concerned  w ith  th e  m easurem ent o f  t r a n s p o r t  r a t e s  
i n  th e  same t e s t  s e c t io n  when th e  a d ja c e n t su b ch an n e ls  i n i t i a l l y  
c a r r i e d  u n eq u a l mass f lu x  and  q u a l i t y .
The t e s t  s e c t io n  u sed  f o r  t h i s  s tu d y  was d e s ig n e d  and 
c o n s tru c te d  by  W a lto n [ l] .
*  Subchannel i s  d e f in e d  h e re  a s  th e  flow  a re a  form ed by draw ing  
a  l i n e  betw een ro d  c e n te r s  o f  a  f u e l  rod  b u n d le  h e a t  exch an g er. 
See F ig . 1 .2 .
1.
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A.
Two a d ja c e n t  i d e n t i c a l  flow  a r e a s ,  8 0 - in  lo n g  (se e  F ig , 1 .2 )  
w ere s e p a ra te d , ex cep t f o r  an  in te rc o n n e c t io n  le n g th ,  by  an  0 .0 0 6 - in  
s t a i n l e s s  s t e e l  s t r i p .  The m ixing  s e c t io n ,  w here th e  su b ch an n e ls  
w ere in te rc o n n e c te d , was 1 8 - in  lo n g  (L/Dg = 115) and 0 . 04- i n  w ide .
A tw o-phase two-com ponent system  was employed u s in g  p o ta ss iu m  
n i t r a t e  and m ethane a s  w a te r  and a i r  t r a c e r s  r e s p e c t iv e ly .  I n i t i a l l y ,  
tu r b u le n t  in te rc h a n g e  r a t e s  were m easured w h ile  m a in ta in in g  an 
o p e ra t in g  p re s s u re  o f  50 p s ia  a t  th e  m id -p o in t o f  th e  in te rc o n n e c t io n  
le n g th .  The t o t a l  mass f lu x  was v a r ie d  from 0 .5  % 10^ to  1 .5  x  10° 
( lb f f l ) / ( h r ) ( f t^ )  and th e  q u a l i t y  ranged  from  10^ to  0.002% w ith  
co rre sp o n d in g  volume v o id  f r a c t io n s  o f  ap p ro x im ate ly  80^ to  9^ .
The tw o-phase flow  reg im es en co u n te red  ex tended  from th e  b u b b le -  
s lu g  t r a n s i t i o n  a t  th e  low  q u a l i t i e s  t o  th e  s lu g -a n n u la r  t r a n s i t i o n  
a t  th e  h ig h  q u a l i t i e s .
In  th e  second p a r t  o f  t h i s  in v e s t ig a t io n  tu r b u le n t  t r a n s p o r t  
r a t e s  betw een subchannels  were m easured a t  o p e ra t in g  p r e s s u re s  
J u s t  above a tm o sp h eric  p r e s s u re  w ith  u n eq u a l q u a l i ty  and mass 
f lu x  e x i s t in g  i n i t i a l l y  i n  each  su b ch an n e l. The mass f lu x  and 
q u a l i ty  were s e le c te d  to  g iv e  th e  same p re s s u re  drop p e r  
u n i t  a x i a l  le n g th ,  so t h a t  th e  p re s s u re  in  each  flow  ch an n e l a t  
th e  b e g in n in g  o f  th e  m ix ing  re g io n  w ere e q u a l . These c a r e f u l ly  
chosen mass f lu x e s  and q u a l i t i e s  gave a t  th e  s t a r t  o f  th e  in te rc o n n e c t io n  
le n g th  a t  l e a s t  a  10^ volume v o id  f r a c t i o n  d i f f e r e n c e  betw een 
su b ch an n e ls . The mass f lu x  was v a r ie d  from 0 .6  x 10^ to  1 .4  x  10& 
( lb m ) / ( h r ) ( f t^ )  w h ile  th e  v o id  f r a c t i o n  v a r ie d  from 80$ to  20$.
Void f r a c t i o n  d a ta  o v e r  th e  q u a l i t y  and mass f lu x  ra n g e s  
o f  i n t e r e s t  w ere o b ta in e d  u s in g  a q u ic k  c lo s in g  v a lv e  te c h n iq u e .
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I I .  LITERATURE SURVEY
A. In tro d u c t io n  and D e f in i t io n  o f  Terms
S ince t h i s  s tu d y  co n tin u ed  and ex tended  a p re v io u s  p r o j e c t  
th e  l i t e r a t u r e  su rv ey  i s  an u p d a ted  v e r s io n  o f  t h a t  w r i t t e n  
b y  W alton [ I ]  . The su rv e y  i s  in c lu d e d  to  f a c i l i t a t e  th e  re a d in g  
and  com prehension o f  t h i s  t h e s i s .
Rogers and T o d re a s [  2 ]  have p roposed  fo u r  mixing p ro c e s s e s  
w hich a r e  c a te g o r iz e d  depending  on w h eth er th e  m ix ing  i s  n a tu r a l  o r  
fo rc e d  and d i r e c t io n a l  o r  n o n d ir e c t io n a l .  The fo llo w in g  i s  a  b r i e f  
d e s c r ip t io n  o f  th e s e  p ro c e s s e s .
1 .  N a tu ra l M ixing E f f e c ts
These in c lu d e  p ro c e s s e s  which o p e ra te  i n  th e  ab sen ce  o f  
p ro tu b e ra n c e s  in  th e  rod  b u n d le s , i . e . ,  a b u n d le  o f  sm ooth, b a re  
ro d s .
a . T u rb u le n t in te rc h a n g e  r e s u l t s  from n a t u r a l  eddy d i f f u s io n  
betw een su b ch an n e ls . T u rb u le n t in te rc h a n g e  i s  u s u a l ly  m easured 
b y  in j e c t i o n  o f  t r a c e r s .  T h is r e s u l t s  in  th e  m easurem ent o f  th e  
eddy d i f f u s i v i t y  o f  m a s s , 5 ^ ,  w hich in  g e n e ra l i s  n o t  th e  same 
a s  th e  eddy d i f f u s i v i t y  o f  h e a t ,  F o r tu n a te ly ,  i t  has  been
found  th a t  th e re  i s  no s i g n i f i c a n t  d i f f e r e n c e  betw een 6!^ and
C2,3,43.
b .  D iv e rs io n  c ro s s - f lo w  i s  th e  d i r e c te d  flow  caused  by r a d i a l  
p r e s s u r e  g ra d ie n ts  betw een a d ja c e n t  su b c h a n n e ls . These g r a d ie n ts  
may be induced  by g ro ss  d i f f e r e n c e s  betw een th e  subchannel h e a t - f lu x
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d i s t r i b u t io n s  and d i f f e r e n c e s  in  subchannel e q u iv a le n t d ia m e te rs  o r  
lo c a l  geom etry.
2 . Forced  M ixing E f f e c ts
These in c lu d e  e f f e c t s  in d u ced  by  th e  p re se n c e  o f  p in  sp a c e rs  
o r  g r id s  i n  th e  flo w  c h a n n e l.
a .  Flow s c a t t e r in g  r e f e r s  to  th e  n o n d ir e c t io n a l  m ix ing  e f f e c t s  
a s s o c ia te d  w ith  a x i a l  o r  c i r c u m f e r e n t ia l  f i n s ,  w a r t- ty p e  sp a c e rs , 
g r id  s p a c e rs ,  and end p l a t e s ,  w hich b re a k  up s tre a m lin e s  and induce 
tu rb u le n c e , b u t  do n o t  f a v o r  a  s in g le  d i r e c t io n .
b . Flow sw eeping i s  d i r e c t i o n a l  and r e f e r s  to  th e  c ro s s - f lo w  
e f f e c t s  a s s o c ia te d  w ith  w ire  'v/rap s p a c e r s ,  h e l i c a l  f i n s ,  con toured  
g r id s ,  and m ixing  vanes w hich g iv e  a  n e t  c ro s s - f lo w  in  a  p r e f e r r e d  
d i r e c t i o n .
B. S in g le  Channel E xperim en ts
Eddy d i f f u s i v i t i e s  have b een  m easured e x p e rim e n ta lly  by in j e c t i o n  
o f  a  t r a c e r  (o r  h e a t)  from a  p o in t  so u rce  in  a  moving f l u i d  s tream  
and m easuring  th e  su b seq u en t c o n c e n tra t io n  (o r  te m p era tu re )  p r o f i l e s  
downstream 0 - 8 ] .  By rep la cem e n t o f  th e  th e rm a l d i f f u s i v i t y  w ith  
th e  co ncep t o f  an eddy d i f f u s i v i t y  in  W ilson ' s C 9] in t e g r a te d  
F o u r ie r  e q u a tio n , th e  c o n c e n tra t io n  (o r  te m p era tu re )  p r o f i l e s  w ere 
an a ly se d  to  g iv e  th e  eddy d i f f u s i v i t i e s .
An a l t e r n a t e  app roach  o f  d e te rm in in g  eddy d i f f u s i v i t i e s  in v o lv ed  
th e  m easurem ent o f  th e  w a te r -v a p o r  g ra d ie n t  a c ro s s  a  tu r b u le n t  gas 
stream  i n  a w e tte d -w a ll  colum n. By d e te rm in in g  th e  r a t e  o f  v a p o r iz a ­
t i o n ,  v a lu e s  o f  th e  eddy d i f f u s i v i t i e s  w ere c a lc u la te d  f o r  th e  c e n t r a l
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tu r b u le n t  p o r t io n  o f  th e  gas stream  [10,111 .
S t .  P ie r r e  [ l 2 ]  has c o r r e la te d  m ost o f  th e  a v a i la b le  d a ta  w hich 
a r e  p lo t te d  a s  th e  in v e r s e  o f  th e  P e c le t  n u m b e r, '|/ , v e rs u s  th e  
Re;/nolds number. The in v e r s e  o f  P e c le t  number r e p r e s e n ts  th e  
r a t i o  o f  th e  tu rb u le n t  c o n d u c tiv e  h e a t  (mass) t r a n s f e r  to  th e  
b u lk  h e a t (mass) t r a n s f e r .
C. M ulti-C hannel (Rod B undle) E xperim ents
Experim ents to  d e te rm in e  t o t a l  flo w  r e d i s t r i b u t i o n  from a l l  
m ixing e f f e c t s  have been  c a r r i e d  o u t in  m u ltiro d  b u n d le s . A t r a c e r  
was in je c te d  in  one su b ch an n e l and downstream c o n c e n tra tio n s  were 
m easured in  a d ja c e n t su b ch an n e ls  to  d e te rm in e  th e  tu r b u le n t  m ixing 
r a t e .  M ixing c o e f f i c i e n t s  w ere d e te rm in ed  from a  t r a c e r  m ass b a la n c e .
Rogers [ 13]  has  p ro p o sed  th e  fo llo w in g  s in g le  phase m ix ing  
c o r r e l a t io n  based  on ro d  b u n d le  m ix ing  d a ta .  T aking an energy  
b a la n c e  between th e  h e a t  t r a n s p o r t  r a t e  by th e  p o s tu la te d  m ixing 
flow  and th e  t r a n s v e r s e  h e a t  t r a n s p o r t  by  eddy d i f f u s i v i t y  between 
any two su bchannels, i  and  j .
0 ^ ^  (2 -1 )
The average te m p era tu re  g r a d ie n t  may be  approx im ated  by
( f  ) ^ ^
w here i s  an in te r s u b c h a n n e l d i s ta n c e .  U sing t h i s  ap p ro x im atio n  
E quation  (2 .1 )  may be s im p l i f ie d  to  g iv e  th e  b a s ic  e q u a tio n  f o r  
m ixing flow  r a t e :
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i j
Analogous form s o f  t h i s  e q u a tio n , d i f f e r i n g  o n ly  in  d e f i n i t i o n  o f  
i n t e r  sub ch an n e l d is ta n c e ,  have been p ro p o sed  by  S t .  P i e r r e  [ l ^ .  
Bownring [ 1 4 ] and Rowe and A ngle [_15] .




wh = L  b e . .  L f  (2.5)
'  S .  a
Rowe and Angle
. e h c s .  L
 ^ (2.6)
A y
R ogers [ 13]  h as  p o s tu la te d  th e  i s  a  fu n c t io n  o f  b /d  and 
was a b le  to  c o r r e l a te  e x i s t i n g  d a ta  (se e  T ab le  I I ,  r e f e r e n c e  C13]  ) 
u s in g  t h i s  ty p e  o f  fo rm u la tio n  f o r  .0 5 < b /d < .5 , T h is  p o s tu la te d  
dependence on b /d  ivas found to  y ie ld  n e a r ly  c o n s ta n t  m ix ing  r a t e s  
o v e r th e  range  o f  b /d  s in c e  £  in c re a s e d  a s  b /d  d e c re a se d . Whereas 
t h i s  c o r r e la t io n  may a d e q u a te ly  p r e d i c t  m ix ing  o v e r a  l im i te d  range  
o f  b /d  i t  i s  obv ious t h a t  i f  i s  a l s o  a  fu n c t io n  o f  b /d  th e n  
s in g le  channe l d i f f u s i v i t i e s  canno t be a p p l ie d  to  m u lti-su b c h a n n e l 
m ixing  p r e d ic t io n s .  S t .  P i e r r e ’s £12] c o r r e l a t i o n  ap p ea rs  to  
c o n t r a d ic t  th e  above s in c e  i t  u s e s  s in g le  ch an n e l d i f f u s i v i t i e s  
to  p r e d ic t  m u lti- s u b  ch an n e l m ix in g .
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S k in n e r e t  a l  f46~| found t h a t  th e  r a t e  o f  t r a n s f e r  (mass o r  energy) 
v a s  h ig h e r  th a n  cou ld  be acc o u n ted  f o r  by tu r b u le n t  d i f f u s io n .
They p roposed  t h a t  seco n d ary  flow s e x i s t  in  th e  gap a re a  (up to  
2% f o r  smooth ro d s , 6$ f o r  roughened o n e s ) , w hich acco u n ts  
f o r  th e  h ig h e r  m ix in g .
Van Der Ros and B ogaard t [ 1 7 ]  found t h a t  h e a t  f lu x  in  th e  
gap had no e f f e c t  on m ix in g . The te m p e ra tu re  o f  th e  in n e r  channe l 
in c re a s e d  l i n e a r ly  w ith  d is ta n c e  dcw nstream  showing th a t  th e  
o v e r a l l  e f f e c t i v e  h e a t  exchange a lo n g  th e  channel was a p p ro x im a te ly  
c o n s ta n t .  U sing  an eddy d i f f u s i v i t y  f o r  d a ta  a n a ly s i s  th e y  found 
th a t :
£  = 0 .009  (7/D e) (2 .7 )
where V= v e lo c i ty  ( f t / s e c )  
where De= h y d ro lic  d ia m e te r  ( f t )  
w hich was th e  b e s t  f i t  o f  th e  d a ta .  The P ra n d t l  m ix ing  le n g th  
th e o ry  was u sed  to  e x p la in  th e  f a c t  t h a t  m ix ing  c o e f f i c i e n t  
was in v e r s e ly  p r o p o r t io n a l  to  th e  gap w ûdth.
D. Two Subchannel E xperim ents
At p r e s e n t  l im i t e d  d a ta  have been  o b ta in e d  f o r  s in g le  phase  
tu r b u le n t  in te rc h a n g e  betw een two a d ja c e n t  su b ch an n e ls . T able 2 .1  
l i s t s  th e  a v a i l a b l e  d a ta  s o u rc e s .
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D e s c r ip tio n  o f  D ata -A vailable on Two Subchannel Experim ents
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Source and 
r e f .  no .
G eom etrical
d e s c r ip t io n b /d
Mass f lu x  
( I b m /h r . f t  ) F lu id
E xperim en ta l
te ch n iq u e
S in g le to n  [ I 9J sq u are  f i l l e r s  








w a te r
w a te r
dye in j e c t i o n  
dye in j e c t i o n
Rowe and Angle 
[15,2(3
s q u a re - tr ia n g le *  






1 .0 -3 .0 x 1 0 ^
.9 5 0 -2 .90x10^
w a te r
w a te r
e n th a lp y  b a la n c e
LiOH, DpO 
T2O t r a c e r s
P e tru n ik  [ iS l r e c ta n g le -





0 .2 -2 .0 x 1 0 ^
0 .1 -1 .0 x 1 0 ^
w a te r
a i r
KNO^  t r a c e r  
CH^ t r a c e r
H e ts ro n i 
e± a l  [22]
sq u a re -sq u a re* .25 1 .5 3 -2 .2 2 x 1 0 ^ w ate r e n th a lp y  b a lan ce
W altonLll t r i a n g l e - t r i a n g l e * . 05
.05
3 .8  -  1 .7x10^  
.1 6 -2 .7x105
w a te r
a i r
ERO? t r a c e r  
CH  ^ t r a c e r
¥ an d er Ros and 
B o g aa rt [ I 'd sq u a re -sq u a re ..1
.2
3 .6 -1 2 .8 x 1 0 ^  
3 i 6 -12 .8x10^
w a te r e n th a lp y  b a la n c e
^ s im u la te d  rod  b u n d le  a r r a y s
P e tru n ik  [IS ]  and Rowe and Angle [17,2Q] have found th e  m ixing 
r a t e  to  be dependent on gap w id th  (ro d  s p a c in g ) . S in g le to n  [ 19]  
found  th e  m ixing r a t e  in c re a s e  t o  b e  ap p ro x im a te ly  1 . 4. tim es  th e  
r a t i o  o f  th e  gap w id th s  f o r  th e  sq u a re  f i l l e r s  and ap p ro x im ate ly  
p ro p o r t io n a l  to  th e  r a t i o  o f  gap w id th s  f o r  th e  round f i l l e r s .
Rowe and Angle [2 0 ]  have found  t h a t  m ixing f o r  th e  sq u a re -sq u a re
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a r r a y  was l e s s  th a n  f o r  th e  s q n a r e - t r i a n g u la r  a r r a y .  Hence m ix ing  
d e c re a se d  a s  th e  c e n t r o id a l  d is ta n c e  betw een su b ch an n e ls  in c re a s e d .
T h is  o b s e rv a tio n  has been  su p p o rte d  by th e  work o f  H e ts ro n i e t . a l .
[ 24]  , (see  Appendix I  o f  R ef. [ 1 ] )  and th e  t h e o r e t i c a l  work o f  Lowe [ 2 $ ] .
Van Der Ros and B o g aard t [1 7 ]  u s in g  a s im p le  sq u a re -sq u a re  
subchannel geom etry d e te rm in ed  m ix ing  f o r  s e v e r a l  gap w id th s  
in c lu d in g  an a sy m m etric a l on e . I t  was found t h a t  betw een a 
R eynolds number o f  6000— 17,000 th e r e  was no e f f e c t  o f  gap w id th  
on m ix in g . At R eynolds number l e s s  th a n  6OOO th e  m ix ing  d e c re a se d  
r a p id ly  f o r  th e  0 .0 3 8  i n .  gap. F o r R eynolds number g r e a te r  th a n  
17 ,000  m ix ing  in c re a s e d  f o r  th e  0 .0 7 8 8  i n .  gap . I n s t a b i l i t i e s  
a s s o c ia te d  w ith  th e  t r a n s i t i o n  from  a la m in a r  to  tu r b u le n t  
boundary  la y e r  in  th e  gap was b e l ie v e d  to  be  th e  cause  o f  t h i s  
in c re a s e d  m ix ing , ^’o r  th e  asy m m etrica l gap geom etry i t  was 
found th a t  th e  gap form  in f lu e n c e d  m ix ing . The w id e r p a r t  o f  
th e  gap in c re a s e s  m ix in g . From a  b e s t  f i t  o f  th e  d a ta  th e  fo llo w in g  
c o r r e l a t i o n  ws,s o b ta in e d
£  = 0 .0 0 4  (V/De) (2 . 14)
F u r th e r  work i s  b e in g  done by th e s e  a u th o rs  i n  tw o-phase  flo w . [2 7 ]  .
The d a ta  p r e s e n t ly  a v a i la b le  i s  i n s u f f i c i e n t  to  p r e d ic t  s in g le ­
phase  tu r b u le n t  in te rc h a n g e  r a t e s  f o r  a l l  ty p e s  su b ch an n e l g e o m e tr ie s . 
Hence, f u r th e r  e x p e r im e n ta tio n  i s  needed  i n  t h i s  a r e a .
E . S in g le  Phase T u rb u le n t M ixing C o r re la t io n s
1 .  S t .  P ie r r e  C o r r e la t io n  Cl2]
S t .  P ie r r e  has  p ro p o sed  a  c o r r e l a t i o n  f o r  tu r b u le n t  in te rc h a n g e  
r a t e s  based  on v a lu e s  o f  tu r b u le n t  d i f f u s i v i t i e s  o b ta in e d  from s in g le
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13.ch an n e l ex p e rim en ts . W ith th e  a v a i l a b i l i t y  o f  more d a ta  a t  low er
R eynolds numbers S t .  P ie r r e  [ 2 Ï ]  has t e n t a t i v e l y  m o d ified  th e
c o r r e l a t i o n  f o r  f o r  <  5000 .
= 2V (2 .8 )
w here 'IjJ = <  5000
and 1}/ =0.0205 5000 < N ^ <  200 ,000 .
2 . Bowring C o r re la t io n  [ I 4 ]
Bowring has u se d  th e  fo llo w in g  e q u a tio n , i n  a  subchannel code
HAMBO to  p r e d ic t  s in g le  p hase  tu r b u le n t  in te rc h a n g e .
¥ t  = Fm b V A+ _fj (De i  Gi + D ^ jG j)  (2 .9 )
L S^ d SO
I f  th e  su bchannels  a r e  i d e n t i c a l  th e n  e q u a tio n  (2 .8 )  can be re a rra n g e d  
to  g iv e :
Ngt = E l  'Vzf ,
8% a  40  ( 2 . 10)
F o r a  t r i a n g u l a r - t r i a n g u l a r  a r r a y :
8^ = 0 .39  ( r e fe re n c e  14  )
F* = 1.117^^
and
- 0 . 28*f  = 0 .0 9 4  HiBe
*  T h is  v a lu e  u sed  h e re  was o b ta in e d  from a  b e s t  f i t  to  th e  ex p erim en ta l 
d a ta  o b ta in e d  in  W a lto n 's  [ 1 ]  t h e s i s .
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3 . Rogers and T arasuk  C o r re la t io n  [131
From m u lti-c h a n n e l experim en ts  Rogers and T arasuk  have developed
th e  fo llo w in g  e q u a tio n  f o r  tu r b u le n t  in te rc h a n g e  
1 _ T — a  \ 3m




^ e ,i ;
D (2.11)
Rogers [20]] has t e n t a t i v e l y  p roposed  th e  fo llo w in g  v a lu e s  f o r  th e  
c o n s ta n ts  Kg, m, n andcC .
Kg = 0 .0040
m = 0 .9 0  
n = 0 .2 0  
cC ij = 0 .5 7 7  
4* Rowe and Angle C o r re la t io n  P -5 ,2(3
The Rowe and Angle c o r r e l a t i o n  was developed  by f in d in g  a  v a lu e  
o f  th e  e q u iv a le n t  S tan to n  number w hich m ost c lo s e ly  m atched t h e i r  
ex p erim en ta l d a t a .
% t  “  &r




tr ia n g u la r - s q u a r e  a r r a y  
sq u a re -sq u a re  a r r a y
n = 0 .2
Z .j = b (gap w id th)
5 . Moyer C o r re la t io n  |23]
Moyer has p roposed  th e  fo llo w in g  c o r r e l a t i o n  f o r  tu r b u le n t  
m ix ing:
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= \ Ü  ^  (2 .1 3 )
S t  ^  Z ij
w here Z = c e n t r o id a l  d is ta n c e  betw een su b ch an n e ls
i j
f  i s  d e f in e d  a s  i n  e q u a tio n  ( 2 .9 ) .
6 . S k in n e r  qt a l  C orrelation Ol6l
S k in n e r e t  a l  [ l6 ]  proposed th e  fo l lo w in g  c o r r e l a t io n  f o r  
s in g le  phase  a i r  m ix ing .
Ngt = - 0 .1 l 6 ( ^ 4 x i n  (N ) )  (2 .14 )
w here j / =  -0 .1 8 4  f o r  smooth ro d  c l u s t e r s  
= 0 .4 6 2  f o r  rough  ro d  c l u s t e r s  
and  fet = 0 .0 1 3  f o r  smooth ro d  c l u s t e r s  
= -0 .0 5 4  f o r  rough  ro d  c l u s t e r s  
F o r a  com parison w ith  e x p e rim e n ta l d a ta  see  Appendix I .
7 .  In g e rso n  C o r r e la t io n  [2?]
In g e rso n  [ 2 ? !  p roposed  th e  fo llo w in g  c o r r e l a t i o n s :
= (6 .1 2  p/D e -  3 .03) l / 2 0  _ A _ v / lL  (2 .15
i j  VS t Z ii  Pw here Z . = c e n t r o id a l  d is ta n c e  
P,, = w e tte d  p e r im e te r .w
T h is  c o r r e l a t i o n  i s  f o r  any ro d  c o n f ig u ra t io n  w ith  a p i t c h  to  
d ia m e te r  r a t i o  g r e a t e r  th a n  1 .1 5 .
F or any ro d  c o n f ig u ra t io n  w ith  any  p i t c h  to  d ia m e te r  r a t i o  
he p ro p o ses :
Ngt = 0 .9 5  /  E  .  i  V z f"  (2 .1 6 )
( 5 7 ^ /  ( d  De) z o Z ij P«-
F o r a com parison w ith  e x p e rim e n ta l d a ta  s e e  A ppendix I .
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F . Two-Phase T u rb u len t In te rc h a n g e  Data
Rowe and Angle [15,20] have o b ta in e d  e x p e rim e n ta l d a ta  on 
tw o-phase s team -w ate r tu r b u le n t  in te rc h a n g e  a t  e le v a te d  p re s s u re s  
i n  s q u a r e - t r ia n g le  and s q u a re -sq u a re  a r r a y s .  T h e ir  r e s u l t s  
showed t h a t  a  maximum v a lu e  o f  m ix ing  was reac h ed  a t  low q u a l i t i e s  
and t h a t  m ix ing  was g tro n g ly  a f f e c t e d  by rod  sp a c in g  d u rin g  b o i l in g .
The r a t i o  o f  steam  to  w a te r  m ix ing  was found to  be  ab o u t th e  same 
a s  t h a t  o c c u rr in g  in  th e  b u lk  f lo w .
Walton [ 1 ]  m easured tw o-phase  a i r - w a te r  tu r b u le n t  in te rc h a n g e  
r a t e s  betw een two a d ja c e n t  t r i a n g u l a r  su b ch an n e ls . I t  was 
found  t h a t  th e  l iq u id -p h a s e  m ix ing  d e c re a se d  >d.th q u a l i t y  beyond 
th e  s lu g -a n n u la r  t r a n s i t i o n ,  w h ile  th e  g as-p h ase  ( a i r )  m ixing 
was e s s e n t i a l l y  c o n s ta n t .  I n  a d d i t io n  f o r  b o th  p h a se s  th e  r e l a t i v e  
m ix in g , {%/ft ) ,  was found to  alw ays d e c re a se  w ith  in c re a s in g  
q u a l i t y  beyond t h i s  t r a n s i t i o n  p o in t .  B oth P e tru n ik  [ 1 8 ]  and 
W alton [1 ] d a ta  showed t h a t  tw o-phs.se m ix ing  was g r e a te r  th an  
th e  s in g le -p h a s e  m ixing  ta k e n  a t  th e  same t o t a l  mass flow  r a t e .
I t  was a ls o  n o ted  t h a t  th e  h ig h e s t  m ix ing  occu red  in  a re g io n  o f  
low  q u a l i ty  and low mass f lu x ;  t h a t  i s  i n  th e  t r a n s i t i o n  re g io n  
betw een  s lu g  flow  and a n n u la r  f lo w .
Lahey and Sehr.aub [2 8 ]  r e c e n t ly  rev iew ed  a l l  a v a i la b le  
d a ta  on tw o-phase m ix in g , v o id  f r a c t i o n ,  and flow  reg im es . They 
have l i s t e d  th e  fo llo w in g  tr e n d s  w hich have been  ob serv ed  f o r  
tw o-phase  subchannel m ix ing ;
(1 ) Two-phase m ixing i s  a  fu n c tio n  o f  ro d /ro d  sp a c in g  " b " .
(2) Tî-ra-phase m ixing  i s  a  fu n c tio n  o f  flow  reg im e .
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(3) Subchannel shape and s iz e  i s  an  im p o rta n t p a ram ete r when 
c o n s id e r in g  th e  m ix ing .
(4) The shape o f  th e  p assag e  c o n n e c tin g  subchannels  i s  a p p a re n tly  
im p o r ta n t .
(5) The e n th a lp y  o f  flow  d iv e r s io n  does n o t ,  i n  g e n e ra l,  ap p ea r 
to  be th e  averag e  e n th a lp y  o f  th e  donor sub ch an n e l.
(6 ) The flow  d iv e rs io n  e f f e c t s  due to  subcoo led  v o id s  can be 
im p o rta n t in  many case s  o f  i n t e r e s t .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
I I I .  THEORY
A. D e r iv a tio n  o f  M ixing E q u a tio n s
The m ixing  e q u a tio n s  developed  h e re  have been  d e r iv e d
p re v io u s ly  by W alton [  1 ]  . C onsider th e  tu r b u le n t  flow  o f  a  
f l u i d  in  two i d e n t i c a l ,  a d ja c e n t  s u b c h a n n e ls . B oth  subch an n e ls  
a r e  connec ted  by a s l o t  o f  w id th  "b" and  le n g th  " I " ,  th ro u g h  
w hich th e  tu r b u le n t  t r a n s f e r  o f  l i q u i d  ta k e s  p la c e .  I n  one 
subchannel a t r a c e r  i s  in j e c te d  u p s tream  o f  th e  m ix ing  zone.
The amount o f  l i q u id  t r a n s f e r r e d  from one su b ch an n e l to  a n o th e r  
i s  de te rm in ed  by em ploying a  mass b a la n c e  u s in g  m easured t r a c e r  
e x i t  c o n c e n tra tio n s  i n  each  su b ch an n e l.
1 .  B a s ic  A ssum ptions:
The fo llo i-d n g  b a s ic  a ssu m p tio n s  a r e  made in  t h i s  a n a ly s i s :
( i )  The t o t a l  mass flo w  r a t e  i s  th e  same i n  each  su b ch an n e l.
( i . e . ,  l i q u i d  p lu s  t r a c e r ) .
( i i )  Subchannel a x i a l  p r e s s u re  g r a d ie n ts  a r e  i d e n t i c a l ,  th u s  
e l im in a t in g  r a d i a l  p r e s s u re  g r a d ie n ts  and any  n e t  t r a n s f e r  o f  
f l u i d  from one subchannel to  a n o th e r .
( i i i ) T r a c e r  c o n c e n tra t io n s  a re  sm a ll hence th e  t r a c e r  has n e g l ig ib l e  
e f f e c t  on p h y s ic a l  p r o p e r t i e s .
( iv )  The f l u i d  le a v in g  one subchannel has th e  av e rag e  p r o p e r t i e s  
( t r a c e r  c o n c e n tra tio n )  o f  t h a t  c h a n n e l.
(v) A f te r  f l u i d  has l e f t  th e  donor su b ch an n e l i t  m ixes im m ed ia te ly  
i n  th e  r e c e iv in g  sub ch an n e l.
( v i)  There i s  no r e l a t i v e  v e l o c i ty  betw een f l u i d  and t r a c e r .
IS .
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2 .  Sim ple M ixing Model
A mass b a la n c e  on th e  t r a c e r  o v e r  th e  e n t i r e  m ixing  le n g th  
L , f o r  subchannel 1 r e s u l t s  i n  E q u a tio n  3 .1  (se e  F ig .  3 .1 ) .





2 .1 'Î .2
2
¥2
C’ = e x it  concentration flbm tracer)
VLbm f lu id  /
(ibffl tracer] 
VLbm f lu id  /
C = i n l e t  c o n c e n tra t io n  fl m e r
¥  = subchannel mass flo w  r a t e  (ib m /h r)
¥^ = m ixing  r a t e  (ib m /h r)
L = s l o t  le n g th  ( f t )
3 . 1 . M ixing Flow Diagram
rt¥, + ¥2 2 (C2 +0?) = ¥^0^ + ¥2 p (C2+C2)
^ • 2 '  - T " (3.1)
F o r t r a c e r  i n j e c t i o n  in  su b ch an n e l 1 , C2 e q u a ls  z e ro . N oting  t h a t  
W^=¥2=¥2=¥2=¥ and 2~^2 1"^^  E q u a tio n  3 .1  red u ce s  to :
¥(C^-C{) = \^/2 (C2  +C2  -Cg) (3.2)
An o v e r a l l  t r a c e r  b a la n c e  f o r  th e  m ix ing  le n g th  L, r e s u l t s  in :
Cq = C2 +C2 
From e q u a tio n  (3 .3 )  and (3 .2 )  we o b ta in  
¥02 = ¥ t /2  (02 +O2  +O2  -Og)
w hich red u ce s  to
. 0 ’




I  I  t
As lo n g  a s  0^ »  0 o r  On 0^ em ploying th e  a r i th m e t ic  mean 
f o r  subchannel c o n c e n tra t io n  w i l l  n o t  cause  s i g n i f i c a n t  e r r o r .
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3 .  D i f f e r e n t i a l  M ixing Model
I t  i s  co n v en ien t h e re  to  d e f in e  r e l a t i v e  t r a c e r  c o n c e n tra tio n s :
•K -
C j = 1 and Cg = 2 so t h a t  + C2 = 1
C2+C2 C2+C2
(3 .6 )
A t r a c e r  b a lan ce  o v e r a  d i f f e r e n t i a l  m ix ing  le n g th  dx, f o r  subchannel 
two g iv e s :
t
+ \ . 2  ^1 dx = ^ 2 .1  ^2 dx + ¥ 2 ( 0% + dC%) 
L L
T h is  red u ces  to




S in ce  + Cg = 1 E q u a tio n  (3 .8 )  becomes
*
^^2 _ (1 -  2CÏ)
dx Tr/L
(3 . 9 )
R earran g in g  and in c o rp o ra t in g  th e  a p p r o p r ia te  boundary c o n d itio n s
(3 .10)
I n te g r a t io n  y ie ld s
*1 +
- i  In  ( I - 2C2 )=  ¥2
¥
#1
S ince  Cg ?
CÎ+C2
(3 .1 1 )
(3 .1 2 )
E q u a tio n  (3 .1 1 ) becomes 





Comparing E q u a tio n s  (3 .5 )  and (3 .1 3 ) and d e f in in g  th e  r e l a t i v e  
e r r o r  to  be th e  d i f f e r e n c e  o f  th e  m ix ing  r a t e s  o b ta in e d  u s in g
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E q u a tio n s  (3*5) and (3 .1 3 ) d iv id e d  by t h a t  o b ta in e d  u s in g  
E quation  (3 .1 3 ) th e  fo llo w in g  e x p re s s io n  i s  o b ta in e d .
21.
R e la t iv e  e r r o r  = 1 +
20
(3 .1 4 )
G iln
T h is  e r r o r  i s  l e s s  th a n  1% f o r  l e s s  th a n  0 .1 .
B. I d e n t i f i c a t i o n  o f  Flow Regimes
The tw o-phase a i r - w a t e r  d a ta  w ere o b ta in e d  h e re  i n  th e  flow  
reg im es no rm ally  en c o u n te re d  from th e  b u b b le -s lu g  t r a n s i t i o n  to  
th e  s lu g -a n n u la r  t r a n s i t i o n .  Thus th e  a b i l i t y  to  p r e d ic t  th e  
t r a n s i t i o n  from th e  b u b b le  t o  s lu g  flo w  and s lu g  to  a n n u la r  
f lo w  i s  o f  im p o rtan ce .
0 ,
0 0  0
s   ^ >
ooo
, 0  o  ,
( 9 0 0
b  ■© 0
0  o
11 Î
(a) Bubble (b) S lug (c) A nnular (d) A nnular m is t
F ig u re  3 .2 .  Flow Regime Diagram s
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#1 . B ubbly-S lug  T ra n s i t io n
One d e f in i t i o n  o f  an  " Id e a l  Bubbly" flo w  regim e [45] i s ,
"The bu b b ly  flow  regim e o c c u rs  when th e  gas i s  in  th e  form o f  
d i s c r e t e  sm all b u b b le s  d is p e r s e d  u n ifo rm ly  i n  a  l i q u id ,  and u n ab le  
to  agg lom erate  w ith  each  o th e r " .  Thus i t  w i l l  be found t h a t  
th e  bu b b ly  regim e i s  u n s ta b le  u n d e r a l l  c o n d it io n s  s in c e  th e  
" id e a l"  o f  no ag g lo m era tio n  n e v e r  o c c u rs . T h is  i s  due to  th e  
v a r i a t io n  o f  b u b b le  v e lo c i ty  "sdith d i f f e r e n t  b u b b le  s i z e .
C onsequently  l a r g e r  b u b b le s  te n d  to  o v e r ta k e  th o se  o f  s m a lle r  
d ia m e te r  and ag g lo m era tio n  r e s u l t s .
There i s  no low er l i m i t  to  th e  v o id  f r a c t i o n  a t  w hich 
bu b b le  flo w  can o ccu r C38J . Thus to  o b ta in  a  bubb le  flow  reg im e, 
i t  m ust be c re a te d .  G r i f f i t h  and W allis  C44j perform ed  an  
ex p e rim e n ta l s tu d y  on tw o-phase  s lu g  flow , i n  w hich th e y  d isc o v e re d  
t h a t  i t  was q u i te  p o s s ib le  to  have a  b u b b ly  flo w  a t  th e  tu b e  
e n tra n c e  w h ile  a few f e e t  downstream  chance en co u n te rs  would 
c r e a te  a  b ubb le  s u f f i c i e n t l y  l a r g e  to  f i l l  th e  tu b e  and to  
s t a r t  grow th in to  a t y p i c a l  s lu g  flow  bu b b le  by a b so rb in g  i t s  
n e ig h b o u rs . The b ubb le  grow th  i s  more in f lu e n c e d  by  th e  e n tra n c e  
re g io n  e f f e c t s  th a n  by  th e  d rop  i n  h y d r o s ta t ic  p r e s s u re .  As a 
r e s u l t ,  when th e  t r a n s i t i o n  o c c u rs  and how i t  i s  d e f in e d  i s  
a f f e c te d  by th e  p a r t i c u l a r  a p p a ra tu s  u se d , th e  method o f  gas 
in j e c t i o n ,  th e  le n g th  and tim e  from  th e  i n j e c t i o n  lo c a t io n  to  
p o in t  o f  o b se rv a tio n
The t r a n s i t i o n  from b u b b ly  flow  to  s lu g  flow  o ccu rs  sp o n tan eo u sly  
due to :
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( i )  C oalescence o f  b u b b le s , w hich can o ccu r when b u b b les  
a re  j u s t  form ed, o r  by c o l l i s i o n  a s  th e y  flo w  a lo n g  th e  flow  
c h a n n e l.
( i i )  The boundary c o n d i t io n s ,  method o f  gas i n j e c t i o n  o r  fo rm a tio n , 
o r  th e  flow  dynam ics o f  th e  channel a r e  in c o m p a tib le  f o r  bubb le  
flo w .
A ccording to  ¥ a l l i s  [43"} b o th  th e  above p ro c e s s e s  a re  r a th e r  
w h im sica l, s in c e  th e  speed  \rlth. w hich c o a le sc e n c e  o ccu rs  i s  p a r t i c u l a r l y  
s e n s i t i v e  to  im p u r i t i e s .  V e lo c ity  g ra d ie n ts  and tu rb u le n c e  te n d  
to  in c re a s e  th e  r a t e  a t  w hich  th e  sm all b u b b le s  c o l l i d e ,  th u s  prom oting  
a g g lo m era tio n , b u t  a l s o  have th e  e f f e c t  o f  t e a r in g  a p a r t  th e  
b ig g e r  b u b b le s . A v e ry  approx im ate  " r u le  o f  thumb" sometimes u sed  
p la c e s  th e  t r a n s i t i o n  from b ubb ly  to  s lu g  flow  a t  10^ v o id  f r a c t i o n  
i n  ta p  w a te r .
The second mode o f  b reakdo™  o f  th e  bu b b ly  flo w  m ust be u sed  
in  c o n ju n c tio n  m t h  th e  e n t i r e  system  c h a r a c t e r i s t i c s .  Here th e  
i n i t i a l  fo rm a tio n  o f  th e  b u b b le  i s  im p o r ta n t . I f  th e  b u b b le s  when 
form ed a re  la rg e  enough to  form s lu g s  t h a t  n e a r ly  f i l l s  th e  channel 
th e n  th e re  i s  e s s e n t i a l l y  no bubb ly  flo w  reg im e . G r i f f i t h  [_U5~\ 
su g g e s ts  th e  fo llow dng  c r i t e r i o n  f o r  d e te rm in in g  i f  b u b b le  flow  
e x i t s .
-  0 -4  /  1 .1  (3 .1 5 )
IfJhere 1 s u p e r f i c i a l  gas v e lo c i ty  ( f t / s e c )
and Vj = s u p e r f i c i a l  l i q u id  v e lo c i ty  ( f t / s e c )
The v a lu e  o f  0 .4  ( f t / s e c )  was o b ta in e d  from e x p e rim e n ta l r e s u l t s  
o f  te rm in a l v e lo c i ty  o f  b u b b le s  i n  v a r io u s  l i q u i d s .
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F or t h i s  s tu d y  th e  c r i t e r i o n  o f  v o id  f r a c t i o n  l e s s  th a n  10% 
was u se d  to  d e te rm in e  th e  b u b h ly -s lu g  t r a n s i t i o n .  Due to  th e  method 
o f  gas i n j e c t i o n  th e  h ig h  mass f lu x e s  u s e d , and a id e d  by  v i s u a l  
o b s e rv a tio n  t h i s  was b e l ie v e d  to  b e  a  v a l id  c r i t e r i o n .
2 . S lug -A nnu lar T r a n s i t io n
W a llis  and C o l l i e r  [ 2 9 j  p re s e n te d  a  com prehensive d is c u s s io n  
o f  th e  a v a i la b le  m ethods f o r  p r e d ic t in g  th e  t r a n s i t i o n  from 
s lu g  to  a n n u la r  f lo w . The m ethods w ere p re d o m in a te ly  e m p ir ic a l .
G r i f f i t h  and H a b e rs tra h  [3 0 J  and  B ren n er [31] u se d  an 
e l e c t r i c a l  conductance p ro b e  to  d e te rm in e  th e  o n s e t o f  l i q u i d  
b r id g in g  a c ro s s  th e  flo w  c r o s s - s e c t io n .  L iq u id  b r id g e s  were 
d e te c te d  by  d i f f e r e n c e s  i n  r e s i s t a n c e s  f o r  l i q u id  and gas betw een 
th e  p robe  and th e  w a ll  o f  th e  t e s t  s e c t io n .  T h is  m ethod o f  d e f in in g  
t r a n s i t i o n  i s  r a t h e r  a r b i t r a r y  s in c e  a  r a t h e r  b ro ad  re g io n  e x i s t s  
in  w hich s lu g s  become few  and f a r  betw een  b u t do n o t  d is a p p e a r  
a l to g e th e r .  The t r a n s i t i o n  was c o r r e l a t e d  by  th e  d im e n s io n le ss  
p a ra m e te rs ;
= 0 .9  + 0 .6  jg ( j f  < 1 ) (3 .16)
jg  = (7  + 0 .0 6 ( & ) ) & ) ^  j^ ( j ^ > l )  (3 .17)
where jg  = (Wg/ljCg^ [gOg (<?«- -  (^ )]  ^ (3 .18)
= th e  d im e n s io n le ss  gas v e l o c i ty
and j j  (3 .1 9 )
=  th e  d im e n s io n le ss  l i q u i d  v e lo c i ty
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E n tra inm en t m easurem ents [24] u s in g  a c o l le c t io n  ty p e  
p robe were made to  d e t e c t  l i q u id  b r id g e s  and e n t ra in e d  d r o p le t s .
By p l o t t i n g  p e rc e n ta g e  e n tra in m e n t v e rsu s  f o r  v a r io u s  v a lu es  
o f  and e x t r a p o la t in g  th e  s lu g  flow  p o r t io n  to  th e  a b s c is s a  
i t  i s  p o s s ib le  to  d e f in e  a  low er c r i t i c a l  gas v e lo c i ty  a t  which 
th e  s lu g -a n n u la r  t r a n s i t i o n  o c c u rs . The t r a n s i t i o n  l i n e  i s  
c o r r e la te d  by  th e  e q u a tio n
jg = 0 .4  + 0.6 (3.20)
w hich i s  s i g n i f i c a n t l y  below  th e  e l e c t r i c a l  p robe t r a n s i t i o n .
An a t te m p t was made by  G ovier ^  a l  Q 2 ,3 3 ,3 4 ]  to  c o r r e la te  
reg im e b o u n d a rie s  and p r e s s u re  drop  maxima and m inim a. The 
p r e d ic t io n s  u s in g  t h i s  method a r e  n o t  v e ry  a c c u ra te  s in c e  some 
o f  th e  maxima and minima a r e  r e l a t i v e l y  f l a t .  However, th e  o rd e r  
o f  m agnitude p r e d ic te d  i s  c o r r e c t ,  showing t h a t  p re s s u re  drop 
b e h a v io r  i s  q u i te  c lo s e ly  r e l a t e d  to  t r a n s i t i o n s  in  flo w  reg im e.
The o n ly  n o n -e m p ir ic a l method f o r  p r e d ic t in g  th e  a n n u la r -  
s lu g  t r a n s i t i o n  i s  one b ased  on v o id  f r a c t i o n  p r e d ic t io n .  T his method 
h as  p e rh ap s th e  m ost m eaning from an e n g in e e r in g  s ta n d p o in t  s in c e  
i t  c o n s id e rs  th e  p o in t  w here s lu g  v o id  f r a c t i o n  th e o ry  m ust be 
r e p la c e d  by a n n u la r  v o id  f r a r t i o n  th e o ry  [2*3 • T h is  o ccu rs  a t  a 
V alue o f  = 0 .8  and g iv e s  r i s e  to  th e  e q u a tio n
= 0 .3 3  + 0 .7 5  j j  (3 .21 )
T h is  eq u a tio n  a g re e s  c lo s e ly  w ith  e q u a tio n  (3 .2 0 ) w hich was o b ta in e d  
from  th e  en tra in m e n t p robe r e s u l t s .
E quation  (3 .2 0 ) i s  p ro b a b ly  th e  b e s t  f o r  g iv in g  a  w orking 
e s t im a te  o f  when th e  in f lu e n c e  o f  s lu g s  on th e  o v e r a l l  f l u i d  
m echanics i s  n e g l ig ib l e .  The re g io n  betw een e q u a tio n  (3 .20 ) and
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e q u a tio n s  (3 .1 7 ) and (3 .1 8 ) may be i n t e r p r e te d  a s  a re g io n  o f  
" s lu g -a n n u la r  " flow  in  which, a  r a th e r  g ra d u a l t r a n s i t i o n  b e h a v io r  
o c c u rs .
At p r e s e n t  no u n iv e r s a l  e q u a tio n  e x i s t s  f o r  p r e d ic t in g  
e n tra in m e n t. From a v a i la b le  e x p e rim e n ta l ev idence  £393 th e  ran g e  
o f  c o n d itio n s  f o r  w hich a n n u la r  flow , w ith  no e n tra in m e n t, e x i s t s  
i s  v e ry  sm a ll. S te e n 's  [1361] c r i t e r i a  f o r  th e  o n se t o f  e n tra in m e n t 
does n o t ag re e  p a r t i c u l a r l y  w e ll  w ith  e x p e rim en ta l e v id e n c e . Up 
to  30% e n tra in m e n t was e x p e rie n c e d  b e fo re  S te e n 's  c r i t e r i a  was f u l f i l l e d .  
E n tra inm en t a t  th e  u p p er ran g e  o f  i s  ex p ec ted  to  be la r g e  and 
ap p ro ach in g  m is t  flo w .
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IV . AIR-WATER TEST LOOP AND ASSOCIATED EQUIPMENT
A. E x p erim en ta l Equipm ent
1 . A ir-W ater T e s t  Loop
The a i r - w a te r  t e s t  lo o p  and  a s s o c ia te d  equipm ent u sed  in  
t h i s  s tu d y  w ere lo c a te d  i n  th e  Chem ical E n g in e e rin g  L a b o ra to r ie s ,  
E ssex  H a ll ,  a t  th e  U n iv e r s i ty  o f  W indsor. The lo o p  was d es ig n ed  
and b u i l t  s p e c i f i c a l l y  f o r  m ix in g  ex p erim en ts  em ploying a i r - w a t e r  
f lo w s . The m a jo r lo o p  com ponents c o n s is te d  o f  a  r e g u la te d  100 p s ig  
a i r  su p p ly , a  100 p s ig  w a te r  su p p ly , two ro ta m e te r  b an k s, a 
t e s t  s e c t io n  assem bly  and two cyclone  s e p a r a to r s .  The lo o p  i s  
d iagram ed s c h e m a tic a lly  i n  F ig . 4 .1 .
A ir  from th e  u n iv e r s i t y  100 p s ig  a i r  s e rv ic e  l i n e  was 
f i l t e r e d ,  s p l i t  in to  two s e p a ra te  s tre a m s  and m e tered  s e p a r a te ly  
u s in g  m atched ro ta m e te r s .  W ater was s u p p lie d  by  a  Goulds 
(model 3775) c e n t r i f u g a l  pump w hich co u ld  p ro v id e  125 IP ®  a t  a  
head o f  130 p s i a .  The w a te r  su p p ly  was d iv id e d  a l s o  in t o  two 
s e p a ra te  s tream s and m e te red  s e p a r a te ly  u s in g  m atched ro ta m e te r s .
I n  each  o f  th e  e x i t  l i n e s  from th e  flow  ch an n e ls  were two 
v a lv e s  i n  p a r a l l e l  to  p e rm it f in e  and c o a rse  c o n t ro l  o f  subchannel 
downstream r e s i s t a n c e s .  A f te r  th e  v a lv e s  were cy clo n e  s e p a r a to r s ,  
w ith  a  c a p a c ity  o f  125 Ib m /h r a i r  and 390 Ib m /h r w a te r .  These 
s e p a r a to r s  w ere u sed  to  s e p a r a te  th e  a i r  from  th e  w a te r  f o r  
each  su b ch an n e l. A ir  sam ples w ere p a s se d  d i r e c t l y  to  a  gas 
chrom atograph  (V arian , Model 1800) by  means o f  an  o n - l in e  gas 
sam pling  v a lv e . The ex ce ss  a i r  was d is c h a rg e d  to  th e  a tm o sp h ere .
27.
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The v a t e r  sam ples were c o l le c te d  from each  s e p a ra to r  f o r  l a t e r  
a n a ly s i s .  The ex cess  w a te r  was d isc h a rg e d  in to  a  d r a in .
S e v e ra l loop  m o d if ic a t io n s  were r e q u ir e d  f o r  th e  second 
p a r t  o f  t h i s  s tu d y . The v a lv e s  f o r  th e  downstream r e s i s ta n c e  
w ere removed and th e  w a te r - a i r  m ix tu re  from  each  subchannel 
w ent d i r e c t l y  to  th e  cy c lo n e  s e p a r a to r s .  The s e p a r a to r s  were 
re d e s ig n e d  to  hand le  600 Ib m /h r o f  w a te r  and 125 Ib m /h r a i r .
They were a ls o  co m p le te ly  s e a le d .  The a i r  from  each  s e p a ra to r  
was m etered  s e p a r a te ly  by m atched ro ta m e te rs  and th e n  v en ted  
to  th e  a tm osphere . The w a te r  flow  r a t e  was de te rm in ed  u s in g  
th e  d i r e c t  w eigh ing  te c h n iq u e . Excess w a te r  was d isc h a rg e d  in to  
th e  d r a in .  A ll  w a te r  sam ples were ta k e n  d i r e c t l y  from  th e  
s e p a r a to r s .
2 . T e s t S e c tio n  Assem bly
The t e s t  s e c t io n  assem bly  u sed  i n  t h i s  s tu d y  was d es ig n ed  
and c o n s tru c te d  by  W alton T l J  • The t e s t  s e c t io n  c o n s is te d  o f  
s i x  s e p a ra te  u n i t s :  I -  an  i n j e c t i o n  e n tra n c e  s e c t io n ,  I I -  flow  
developm ent s e c t io n ,  I I I -  s e p a ra te d  su b ch an n e ls , IV - m ixing  s e c t io n ,
V- se p a ra te d  su b ch an n e ls , V I- e x i t  s e c t io n  ( s e e  F ig . 4 -.2 ).
S e c tio n s  I I  and V were i d e n t i c a l  in  c o n s tru c t io n ,  and I  and VI 
w ere i d e n t i c a l  ex ce p t f o r  th e  i n j e c t i o n  p o r t io n  o f  s e c t io n  I .
A ll  u n i t s  were c o n s tru c te d  o f  a c r y l i c  to  a llo w  v is u a l  i d e n t i f i c a t i o n  
o f  flow  reg im es . The v a r io u s  u n i t s  w ere b u t te d  to g e th e r  u s in g  0 .005  iu  
th i c k  n a tu r a l  ru b b e r  g a sk e ts  hand c u t to  f i t  th e  c r o s s -  
s e c t io n a l  a r e a .  A G .006~in th ic k  s t a i n l e s s  s t e e l  d iv id in g
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s t r i p  p a ssed  th ro u g h  th e  c e n tr e  o f  a l l  th e  s e c t io n s  p ro v id in g  
a p h y s ic a l  b a r r i e r  betw een th e  subch an n e ls  ex ce p t in  th e  m ixing  
s e c t io n  where a  0 . 04- i n  w ide s l o t  was m achined to  a llo w  m ix ing .
(a) In .ie c tio n -E n tra n c e  S e c tio n
T h is  s e c t io n  c o n s is te d  o f  a  s h o r t  p ie c e  o f  b ra s s  
in to  w hich were d r i l l e d  l / l 6- i n  d ia m e te r  h o le s  to  i n j e c t  th e  phase  
w ith  th e  low er v e lo c i ty  ( i . e . ,  e i t h e r  a i r  o r  w a te r ) .  The phase  
w ith  th e  h ig h e r v e lo c i ty  e n te re d  in t o  th e  c e n tre  o f  th e  copper 
p ip e ,  w hich was in s e r t e d  in  th e  b ra s s  i n j e c t o r .  An 8^ - i n  
e n tra n c e  s e c t io n  f a c i l i t a t e d  th e  e n tra n c e  o f  th e  two p h ases  from 
th e  copper p ip e  to  th e  t r i a n g u l a r  subchannel c o n f ig u ra t io n .
(b) Flow D evelopm ent S e c tio n
The 2 0 -i n  flow  developm ent s e c t io n  a llo w ed  f o r  th e  
developm ent o f  th e  v e lo c i ty  and v o id  p r o f i l e s .  I t  co u ld  a ls o  
b e  u sed  a s  an a l t e r n a t e  i n j e c t i o n  s e c t io n  i f  so d e s i r e d .
(c) S e p a ra te d  S ubchannels S e c tio n
T h is  2 0 - in  s e c t io n  p ro v id ed  an a d d i t io n a l  127 
e q u iv a le n t  d ia m e te rs  o f  a x i a l  le n g th  f o r  flo w  developm ent b e fo re  th e  
s tre a m s  p assed  in to  th e  m ix in g  s e c t io n .
(d) M ixing S e c tio n
The 2 0 - in  m ix ing  s e c t io n  c o n ta in e d  th e  segment 
o f  th e  s t a i n l e s s  s t e e l  d iv id in g  s t r i p  i-d th  th e  0 . 04 - i n  w ide m ix ing  
s l o t .  The s l o t  le n g th  u sed  f o r  t h i s  s tu d y  was 1 8 - in  lo n g  
co rre sp o n d in g  to  an  L/D^ = 115 (se e  F ig . 4 .3 ) .
(e) S e p a ra te d  Subchannels S e c tio n
F o llo w in g  th e  m ixing  s e c t io n  was a  2 0 - in  s e p a ra te d
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subchannel chimney where r a d i a l  p r e s s u r e s  dow stream  o f  th e  
s l o t  w ere m o n ito red .
( f )  E x it  S e c tio n
The S j - in  e x i t  s e c t i o n  a llo w ed  th e  t r a n s i t i o n  o f  
f lo w  from th e  t r i a n g u la r  su b ch an n e l c r o s s - s e c t io n  to  - |- in  copper 
tu b in g .  The d ia m e te r  o f  th e  c i r c u l a r  f lo w  ch an n e l was ^ i n .
B. M easurement o f  E x p erim en ta l V a r ia b le s
1 . P re s s u re
F ive  s e t s  o f  s t a t i c  p r e s s u r e  ta p s  w ere u sed  to  m easure th e  
r a d i a l  p re s s u re  g ra d ie n ts  w hich co u ld  cau se  c ro s s - f lo w  (s e e  F ig . 4 .4 ) .
Two l / l 6—in  d ia m e te r  h o le s  com prised  each  p r e s s u re  ta p  s e t .  Each 
p r e s s u re  ta p  s e t  was connec ted  to  an  acc u m u la to r  and th e n  to  an 
in c l in e d  manometer g rad u a ted  i n  h u n d re th s  o f  an  in c h  o f  w a te r .
F or th e  second phase  o f  t h i s  s tu d y  th e  in c l in e d  manometers 
w ere re p la c e d  by damped d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r s  
(ITT B arto n , Model 300) w ith  a  ran g e  o f  -  1 0 - in  o f  w a te r .
The a x i a l  p re s s u re  drop o v e r  th e  t e s t  s e c t io n  was m easured 
u s in g  a  60- in  v e r t i c a l  m ercury  m anom eter. The s t a t i c  p re s s u re  
a t  th e  m ix ing  s l o t  was m easured u s in g  a  0 -125 p s ig  H eise p r e s s u re  
gauge c a l ib r a t e d  i n  0 .5  p s i  in c re m e n ts .  F o r th e  f i r s t  p hase  th e  
s t a t i c  p re s s u re  a t  th e  m id -p o in t o f  th e  m ix ing  re g io n  was 
m a in ta in e d  a t  50 p s ia  by means o f  m anual v a lv e s  lo c a te d  in  th e  
l i n e s  betw een th e  e x i t  s e c t io n  and th e  cy c lo n e  s e p a r a to r s .
I n  th e  second phase  th e  s t a t i c  p r e s s u re  a t  th e  s l o t  cou ld  n o t  be 
m a in ta in e d  a t  any d e s ir e d  l e v e l  a s  th e  o n ly  c o n t ro l  a v a i la b le
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was th e  head o f  w a te r  t h a t  e x i s te d  i n  th e  cyclone  s e p a r a to r s .  
C onsequently  th e  p re s s u re  rem ained c lo s e  to  a tm o sp h eric  p re s s u re  
(0-15  p s ig )  f o r  a l l  ru n s .
2 . A ir  and W ater Flows
(a) A ir  Flows
A ir  flo w  r a t e s  to  each  subchannel were c o n t ro l le d  
m anually  o v er th e  range  o f  0 .0 1  -  125 ( Ib m /h r) . S ix  s e t s  o f  m atched 
ro ta m e te rs  (two to  a  s e t )  w ere u sed  to  m e te r o v e r th e  flow  ra n g e . The 
ro ta m e te rs  were c a l ib r a te d  to  -  1$ o f  f u l l  s c a le  f o r  th e  ran g es
l i s t e d  in  T able 4-.1. T em perature and p re s s u re  c o r r e c t io n s  were
made when n e c e ss a ry .
T ab le 4 .1  
A ir  R o tam eter Flow Range
RANGE MANUFACTURER AND 
SERIAL NO.
MAXIMUM FLOE RATE 
@ 50 p s ia  and SO'^F, 
Ib m /h r
MINIMUM Brooks R otam eter 
R-215-A 0 .1 4
L0¥ Math e so n  R otam eter 
R-2-15-B  G lass F lo a t 1 .2 0
INTEBMEDIATE L0¥ W atheson R otam eter 
R-2-15-B S .S . F lo a t 2 .6 0
INTERMEDIATE HIGH Brooks R otam eter 
R-7Î4-25-1 P yrex  F lo a t 7 .00
HIGH Brooks R otam eter 
R -m -25-5  8-RV-3 F lo a t 27.00
MA33MUM Brooks R otam eter 
R-9M-25-3F 9-RS-33 F lo a t 115.00
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(b) W ater Flovs
W ater flow  r a t e s  to  each  su b ch an n e l w ere c o n tro lle d .
m anually  o v e r a  10-600 Ibm /h r ra n g e . Four s e t s  o f  two m atched ro ta m e te rs
+
w ere u sed  to  m e te r th e  f lo w . The ro ta m e te rs  w ere c a l i b r a t e d  f o r  -  1% 
o f  f u l l  s c a le  f o r  th e  ra n g e s  l i s t e d  i n  T ab le  4*2 . T em perature  
c o r r e c t io n s  w ere made when n e c e s s a ry .
T ab le 4 .2  
W ater R o tam eter -  Flow Range
Range Maximum Flow R ate  © 50 p s i a  and SO°F, 
Ib m /h r
Low Range 72
In te rm e d ia te  Range 390
High Range 760
In  th e  second p h ase  o f  t h i s  s tu d y , th e  e x i t  flow  from  th e  
s e p a r a to r s  had to  be  d e te rm in e d . The a i r  was m e te red  d i r e c t l y  
u s in g  two ro ta m e te r s .  The ro ta m e te rs  w ere c a l i b r a t e d  f o r  i  1% of  
f u l l  s c a le  f o r  th e  ra n g e s  l i s t e d  i n  T ab le  4«3. The w a te r  f lo w  r a t e s  
w ere m easured u s in g  th e  d i r e c t  w eigh ing  te c h n iq u e .
T ab le  4 .3  
A ir  R o tam eter -  Flow Range
Range Maximum Flow R ate  © 1 4 .7  p s i a  and 70°F,
Ib m /h r
Low Range 4*4
High Range 3 5 .0
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3 . Void F ra c tio n
The v o id  f r a c t i o n  was m easured em ploying th e  q u ick  c lo s in g  
v a lv e  te c h n iq u e . V alves w ere i n s t a l l e d  im m ed ia te ly  b e fo re  and 
a f t e r  th e  t e s t  s e c t io n .  The two v a lv e s  w ere m e ch an ic a lly  ganged 
by  a  ro d  w hich f a c i l i t a t e d  c lo s in g  o f  a l l  fo u r  v a lv e s  a t  th e  same 
tim e . A 1 - in  d ia m e te r  c a s t  a c r y l i c  r e s i n  tu b e  was u sed  a s  a w ate r 
r e s e r v o i r .  In  o rd e r  to  f a c i l i t a t e  f i l l i n g  o f  th e  t e s t  s e c t io n  w ith  
w a te r  th e  r e s e r v o i r  cou ld  be  p r e s s u r iz e d .  Void d a ta  was o b ta in e d  
a f t e r  f i r s t  d e te rm in in g  th e  t o t a l  volume o f  th e  t e s t  s e c t io n ,  by 
f i l l i n g  i t  up from th e  r e s e v o i r .  Then th e  p ro p e r  t e s t  flow  c o n d itio n s  
w ere e s ta b l is h e d  i n  th e  t e s t  s e c t io n  and th e  v a lv e s  r a p id ly  c lo se d , 
th e  a i r  p re s s u re  was b le d  o f f  by  means o f  a v a lv e  and th e  volume o f  
th e  t e s t  s e c t io n  f i l l e d  by  th e  a i r  was de te rm in ed  by f i l l i n g  i t  up 
w ith  w a te r  from th e  r e s e r v o i r .  A ttach ed  to  th e  o u ts id e  o f  th e  
r e s e r v o i r  was a  l i n e a r  s c a le  w hich was c a l ib r a t e d  by  th e  d i r e c t  
w eigh ing  te c h n iq u e . The s c a le  cou ld  be  re a d  to  ± 1-mm.
4 . T em perature
The te m p e ra tu re  o f  b o th  a i r  and w a te r  s tream s w ere m easured 
u s in g  d i r e c t  re a d in g  b im e ta l l i c  therm om eters (ran g e  20-120 F, -  0 .5 °F ) 
i n  th e  flow  l i n e s  im m ed ia te ly  b e fo re  th e  ro ta m e te r s .
5. T ra c e r  C o n c e n tra tio n
( a )  M ethane A n a ly s is
The m ethane t r a c e r  was s u p p lie d  from a  gas 
c y l in d e rs  (M atheson T e c h n ic a l g r a d e ) . Samples were ta k e n  by means 
o f  an on s tream  gas sam pling  v a lv e  w hich in j e c te d  d i r e c t l y  in t o  a  V arian
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A erograph Model 1800 gas p h ase  chrom atograph w ith  Porapak  Q 
column and a hydrogen flam e d e t e c to r .  The in s tru m e n t was 
c a l ib r a t e d  d a i ly  and a n a ly se s  were re p ro d u c ib le  to  ± 1%.
(b) P o tassium  N i t r a t e  A n a ly s is
P o tass iu m  n i t r a t e  (F is h e r  S c i e n t i f i c  p u r i f i e d )  was d is s o lv e d  
i n  w a te r  to  make up th e  t r a c e r  s o lu t io n .  The t r a c e r  s o lu t io n  was 
fo rc e d  in to  th e  system  by a i r  a t  100 p s ig  o v e r th e  p o ta ss iu m  n i t r a t e  
r e s e r v o i r .
P o tassium  c o n c e n tra tio n s  w ere m easured u s in g  a  J a r r e l l  Ash 
Atomic A b so rp tio n  A nalyzer w ith  a ho llow  ca th o d e  p o ta ss iu m  lam p.
The atom ic a b s o rp tio n  a n a ly z e r  was c a l ib r a t e d  b e fo re  each  a n a ly s i s  
o v e r  th e  w orking c o n c e n tra tio n  ran g e  o f  ze ro  to  50 p a r t s  p e r  
m i l l i o n .  Samples were ru n  d i r e c t l y .  A nalyses were r e p ro d u c ib le  
to  ± 1.5%.
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V. EXPERIMENTAL PROCEDURE
I n  th e  f i r s t  phase  o f  t h i s  s tu d y  i n  w hich  b o th  flow  a re a s  
c a r r i e d  e q u a l mass f lu x e s  and q u a l i t i e s  th e  c h a n n e ls  w ere b a lan ced  
to  m inim ize th e  r a d i a l  p re s s u re  d i f f e r e n c e s  u s in g  th e  downstream 
v a lv e s . The ch an n e ls  were b a la n c e d  to  i  4 /lO  in c h e s  o f  w a te r . In  
a l l  e x p e rim e n ta l ru n s  th e  t r a c e r s  w ere in j e c t e d  a l t e r n a t e l y  i n  each  
c h a n n e l. I f  th e  m easured m ix ing  r a t e s  a g re e d  to  w ith in  i  10^ th e n  
c ro s s  flo w  e f f e c t s  were assumed to  b e  a b s e n t .
The v o id  f r a c t i o n  d a ta ,  r e q u ir e d  f o r  th e  second p h ase , were 
o b ta in e d  em ploying q u ic k  c lo s in g  v a lv e s .  W ith  th e  lo o p  o p e ra t in g  
a t  th e  d e s i r e d  a i r  and w a te r  flo w  r a t e s  th e  v a lv e s  w ere c lo se d  
r a p id ly  to  i s o l a t e  th e  t e s t  s e c t io n .  The volume occu p ied  by  th e  
gas was de te rm in ed  by  f i l l i n g  up  th e  t e s t  s e c t io n  w ith  a  known 
volume o f  w a te r . P re s s u re  d rop  d a ta  was o b ta in e d  a t  th e  same tim e 
a s  th e  v o id  f r a c t i o n  d a ta .
From th e  v o id  and p re s s u re  d rop  d a ta  f lo w  c o n d itio n s  in  each  
su b ch an n e l were s e le c te d  to  g iv e  a  v o id  d i f f e r e n c e  o f  10% betw een 
su b ch an n e ls  and e q u a l r a d i a l  p r e s s u re  b e fo r e  th e  s l o t .  The gas 
and l i q u i d  flow  r a t e s  were m easured  b o th  e n te r in g  and le a v in g  
su b c h a n n e l. T ra c e rs  were i n j e c te d  a l t e r n a t e l y  i n  th e  l e f t  and 
r i g h t  su b c h a n n e ls .
The ra n g e s  o f  e x p e rim e n ta l p a ra m e te rs  u se d  in  t h i s  s tu d y  
a r e  shovm i n  T ab les 5 .1  and 5 .2 .
I n  o rd e r  to  e n su re  a  homogeneous m ix tu re  o f  t r a c e r  i n  each  
su b ch an n e l, b o th  th e  m ethane and  p o ta ss iu m  n i t r a t e  s o lu t io n  were 
i n j e c te d  up stream  o f  th e  ro ta m e te rs  to  p rom ote e f f i c i e n t  m ix ing .
39.
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Table 5 .1
TWO-PHASE AIR WATER 
EQUAL MASS FLUX PARAMETER RANGE
P re s s u re  a t  midd] e o f  s l o t 50 p s ia
M ixing s l o t
W idth, in c h e s 0 .0 4
L eng th , in c h e s 18 .0
2
Mass f lu x  p e r  sub ch an n e l, G Ib m /h r f t 1 ,5 0 0 ,0 0 0  -500,000
Q u a lity 0 .00001  -  0 .1
T ab le  5 .2
TWO-PHASE AIR WATER 
UÎ'ÎEQUAL MASS FLUX PARAMETER RANGE
P re s s u re  a t  m idd le o f  s l o t 0 -15  p s ig
M ixing s l o t
W idth, in c h e s 0 .0 4
L eng th , in c h e s 18.0
/ 2Mass f lu x  p e r  su b channel, G Ib m /h r f t 1 ,4 00 ,000 -600 ,000
Q u a lity 0 .003  -  0 .03
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VI- RESULTS AND DISCUSSION
A. A ir - ¥ a te r  T u rb u le n t M ixing D ata
T u rb u le n t m ix ing  r a t e s  w ere m easured f o r  th e  tw o-phase  tw o- 
component a i r  w a te r system  o v er a  q u a l i ty  ran g e  o f  0 .0 0 2 ^  to  10% 
w ith  co rre sp o n d in g  volume v o id  f r a c t i o n s  o f  0 .0 9  to  0 ,8  r e s p e c t iv e ly .
The mass f lu x  was v a r ie d  from 0 .5  x  10^ to  1 .5  x  10^ ( lb m ) /(h r )  ( f t f
and com binations o f  th e  p re c e e d in g  m ass f lu x e s  and q u a l i t i e s  were
s u f f i c i e n t  to  o b ta in  th e  b u b b le , s lu g  and a n n u la r  floTr reg im es .
The in te rc h a n g e  r a t e s  f o r  a i r  and w a te r  w ere d e te rm in ed  s im u lta n e o u s ly  
u s in g  m ethane and p o ta ss iu m  n i t r a t e  r e s p e c t iv e ly  a s  t r a c e r s .  The d a ta  
a r e  ta b u la te d  in  Appendix I I  and p re s e n te d  g r a p h ic a l ly  in  F ig s . 6 .1
to  6 .5 .
1 .  V a r ia t io n  o f  Two-Phase M ixing R a tes  w ith  Q u a li ty  and Void F ra c tio n
I n  F ig . 6 .1  b o th  th e  a i r  and  w a te r  m ix ing  r a t e s  p e r  f o o t  o f
in te rc h a n g e  le n g th  (Ibm /hr f t )  a r e  p lo t t e d  v s .  q u a l i t y  a t  v a r io u s  
f ix e d  t o t a l  mass f lu x e s .  The app rox im ate  lo c a t io n s  o f  th e  b u b b le -  
s lu g  and s lu g -a n n u la r  flo w  t r a n s i t i o n s  a r e  a ls o  lo c a te d  on t h i s  
f ig u r e .  The p rom inen t f e a tu r e s  o f  t h i s  graph  a r e  th e  maxima w hich 
o c c u r  a t  d i f f e r e n t  subchannel q u a l i t i e s  f o r  th e  a i r  and  w a te r  m ix ing  
r a t e s .
In  th e  bu b b le  flow  reg im e, a r b i t r a r i l y  d e f in e d  a s  th e  re g io n  where 
th e  volume v o id  f r a c t io n s  were l e s s  th a n  10%, and th ro u g h  th e  
b u b b le -s lu g  t r a n s i t i o n ,  th e  w a te r  in te rc h a n g e  r a t e s  rem ained  e s s e n t i a l l y  
c o n s ta n t .  At th e s e  low  q u a l i t i e s  th e  a i r  m ixing r a t e s  became so low 
t h a t  th e y  cou ld  n o t b e  m easured a c c u r a te ly .  The w a te r  in te rc h a n g e
41 .
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r a t e s  i n  th e  bubb le  f lo v  reg im e a t  a  m ass f lu x  o f  1 .5  x  10^ ( lb m ) /(h r )  ( f t f  
v e re  more th a n  double th o se  m easured by  W alton [ i j  f o r  s in g le -p h a se  
v a t e r  f lo v  a t  a  mass f lu x  o f  1 x  10^ ( l b m ) / ( h r } ( f t f .
When th e  subchannel q u a l i ty  v a s  in c re a s e d  beyond 0 .1 ^ , th e  
v a t e r  in te rc h a n g e  r a t e s  in c re a s e d  and reac h ed  a  maximum a t  a  q u a l i ty  
o f  a p p ro x im a te ly  0 .7 ^  co rre sp o n d in g  to  a  volume v o id  f r a c t io n  equal 
to  0 . 50 . The maximum a t  a  mass f lu x  o f  I .5  x  10^ ( lb m )/(h r )  ( f t ^  
can n o t be  lo c a te d  e x a c t ly  a s  th e  p r e s s u re  drop a c ro s s  th e  t e s t  
s e c t io n  became e x c e ss iv e  a t  a  q u a l i t y  g r e a t e r  th a n  1.5%. The 
maximum v a te r  in te rc h a n g e  r a t e s  v e re  a t  l e a s t  75 tim es  g r e a te r  th a n  
th e  s in g le -p h a s e  v a t e r  m ixing  r a t e s  a t  a  com parable t o t a l  mass f lu x .
At q u a l i t i e s  above 0.7% f o r  mass f lu x e s  o f  0 .5  x  10^ and 0 ,8  x  10^ 
( l b m ) / ( h r ) ( f t f  a  r a p id  d e c re a se  in  v a t e r  m ixing  r a t e s  resu lted .
T here v as  good agreem ent v i t h  th e  v a t e r  m ix ing  r a t e s  m easured by 
W alton [ 1 ]  and th e  d a ta  form s a  smooth co n tin u o u s cu rv e .
The p lo t s  o f  a i r  in te rc h a n g e  r a t e s  v s .  subchannel q u a l i ty  v e re  
s im i la r  to  th o s e  o b ta in e d  f o r  v a t e r  e x c e p t th e  maximum s h i f te d  to  
a  h ig h e r  q u a l i ty  o f  ap p ro x im a te ly  6%. T h is  maximum occured  a t  
f lo v  and q u a l i ty  c o n d itio n s  a s s o c ia te d  v i t h  th e  s lu g -a n n u la r  t r a n s i t i o n .  
Any in c re a s e  in  subchannel q u a l i ty  above 6% r e s u l t e d  in  lo v e r  a i r  
m ix ing  r a t e s .  The tv o -p h a se  a i r  m ix ing  r a t e s  o b ta in e d  in  t h i s  
s tu d y  a ls o  confirm ed  th e  e a r l i e r  r e s u l t s  o f  W alton C lZ ivho u sed  
th e  same t e s t  s e c t io n .
F ig . 6 .2  i l l u s t r a t e s  th e  v a r i a t i o n  o f  a i r  m ix ing  r a te s  p e r  
l i n e a l  fo o t  o f  in te rc o n n e c t io n  le n g th  vdLth th e  volume v o id  f r a c t io n  
f o r  mass f lu x e s  o f  1 .5  x  lO^and 0 .8  x  10^ ( l b m ) / ( h r ) ( f t f .  When 
th e  d a ta  a re  p lo t t e d  in  t h i s  m anner i t  d em o n stra te s  t h a t  th e  maximum
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o c c u rs  o v e r a  v e ry  n a r ro v  v o id  f r a c t i o n  ran g e  a s  compared to
F ig . 6 .1  w hich ten d ed  to  g iv e  th e  im p re s s io n  o f  a  v e ry  b ro ad  m ix ing
peak .
In  F ig . 6 .3  th e  w a te r  m ix ing  r a t e s  p e r  u n i t  le n g th  a re  p lo t t e d  
a g a in s t  volume v o id  f r a c t i o n  f o r  mass f lu x e s  o f  1 .5  x  10^ and 0 .8  xlO^ 
( lb m ) / ( h r ) ( f t ? .  At a  v o id  f r a c t i o n  o f  a p p ro x im a te ly  0 .5 0  th e  
v a t e r  m ix ing  r a t e s  re a c h e d  a  maximum. At a  m ass f lu x  o f  1 .5  x 10^ 
( l b m ) / ( h r ) ( f t ?  th e  m ix ing  r a t e s  v e re  a lm o s t d o u b le  th o s e  a t  0 .8  x 10^ 
( l b m ) / ( h r ) ( f t f . The a i r  m ix ing  r a t e s  a r e  in d ic a te d  in  t h i s  f ig u r e  
to  i l l u s t r a t e  th e  r e l a t i v e  lo c a t io n  o f  th e  peak  and o rd e r  o f  m agnitude 
d i f f e r e n c e s  i n  m ix ing  r a t e s .
2 . V a r ia t io n  o f  Two-Phase M ixing R a tes  v i t h  Mass F lu x
B oth th e  a i r  and w a te r  m ix ing  r a t e s  u n d e r  tv o -p h a s e  f lo v  c o n d it io n s  
in c re a s e d  v i t h  th e  t o t a l  mass f l u x  ( f o r  a  f ix e d  q u a l i t y ) .  However, 
b o th  th e  a i r  and w a te r  r e l a t i v e  m ix ing  r a t e s ,  ¥ ^ /¥ ,  (îC /ft) d e c re a se d  
a s  th e  t o t a l  mass f lu x  v a s  r a i s e d  ( f o r  a f ix e d  q u a l i t y ) . T h is  i s  
in  aggreem ent w ith  k a l to n  [ 1 J  who o b se rv ed  th e  p e rc e n ta g e  m ix ing  
f o r  v a t e r  and a i r  to  d e c re a se  v û th  in c r e a s in g  q u a l i t y  ( a t  a f ix e d  
mass f lu x )  f o r  th e  q u a l i t y  ran g e  9% to  10%,
3 . Comparison o f  Subchannel Q u a li ty  w ith  th e  T u rb u le n t M ixing Q u a lity  
The r a t i o  o f  a i r  to  w a te r  mass flow s i n  a  subchannel was n o t
u s u a l ly  e q u a l to  th e  r a t i o  o f  a i r  to  w a te r  w hich  in te rc h a n g e d  in  
th e  m ix ing  re g io n  (se e  F ig . 6 .4 ) .  F o r q u a l i t i e s  below  0.2%, th e  
r a t i o  o f  a i r  to  w a te r  mass in te rc h a n g e  was l e s s  th a n  t h i s  r a t i o  
o f  mass flo w s i n  th e  su b c h a n n e ls .
In  th e  in te rm e d ia te  q u a l i ty  ran g e  (0.2% < X <10% ), where th e
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s lu g  f lo v  reg im e e x i s t e d ,  th e  tu r b u le n t  m ixing q u a l i ty  v a s  g r e a t e r  
th a n  th e  subchannel q u a l i t y .  At q u a l i t i e s  h ig h e r  th a n  10^,, v h e re  
homogeneous f lo v  c o n d it io n s  v e re  app roached , th e  a i r  to  v a t e r  mass 
in te rc h a n g e  r a t i o  eq u a led  th e  r a t i o  o f  a i r  to  v a t e r  mass f lo v in g  
i n  each  sub ch an n e l.
O ften  i t  i s  ad v an tageous i n  tv o -p h a se  f lo v  to  vo rk  in  te rm s
o f  th e  v o lu m e tr ic  q u a l i t y ,  ^  ,  v h ic h  i s  th e  r a t i o  o f  th e  a i r  v o lu m e tr ic
f lo v  r a t e  to  th e  t o t a l  v o lu m e tr ic  f l o v  r a t e  th ro u g h  th e  system ,
t
F ig .  6 .5  d em o n stra te s  t h a t  th e  m ix ing  v o lu m e tr ic  q u a l i t y ,  ^  , v s .  
th e  subchannel v o lu m e tr ic  q u a l i t y ,  e x h ib i t s  th e  same t r e n d s  a s  F ig . 6 .4 -  
N ote t h a t  70^ o f  th e  d a ta  have ^  ^ e q u a l to  .
4 . D isc u ss io n  o f  T u rb u le n t M ixing D ata
B oth th e  a i r  and v a t e r  tu r b u le n t  in te rc h a n g e  r a t e s  v e re  found 
to  be  a fu n c tio n  o f  th e  subchannel q u a l i t y  and f lo v  regim e 
depen d en t, a s  shovn i n  F ig s .  6 .1  to  6 .3 .  T h is  i s  i n  q u a l i t a t i v e  
agreem ent v i t h  s e v e ra l  p re v io u s  in v e s t ig a to r s  [ 1 ,1 5 ,1 8 ,2 0 ,4 7 ^  
vho have o b served  a  s t r o n g  dependency o f  m ixing  on q u a l i t y  and f lo v  
reg im e.
A Statham  p re s s u re  tr a n s d u c e r  (Model PM80TC -  0 .5 -3 5 0 )  v i t h  
a  p re s s u re  range  o f  -  0 .5  p s id  v as  u sed  to  i n v e s t ig a t e  a  p o s s ib le  
c o r r e l a t i o n  betw een r a d i a l  p r e s s u re  d i f f e r e n c e s  e x i s t in g  a t  th e  
c e n te r  o f  th e  in te rc h a n g e  re g io n  and th e  m easured m ix ing  r a t e s .  
U n fo r tu n a te ly  a. m ech an ica l f a i l u r e  o f  th e  t r a n s d u c e r  o ccu red  b e fo re  
a m a jo r i ty  o f  th e  d a ta  p o in t s  v e re  o b ta in e d . A n a ly s is  o f  th e  
a v a i la b le  t r a n s i e n t  p r e s s u re  d i f f e r e n t i a l s  betw een th e  su b ch an n e ls  
would ap p ea r to  in d i c a te  t h a t  th e r e  i s  a r e la t io n s h ip  betw een th e  
maximum m ix ing  r a t e s  and th e  m agnitude and freq u en cy  o f  th e  tu r b u le n t
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p re s s u re  f lu c tu a t io n s  betw een  th e  flo w  ch a n n e ls . F or a  mass f lu x  
o f  0 .8  X 10^ ( l b m ) / ( h r ) ( f t f  co rre sp o n d in g  to  a q u a l i ty  o f  0.1% 
th e  p e a k -to -p e a k  p re s s u re  d i f f e r e n t i a l  was appro:>ùm ately 0 .0 7  p s id  
w ith  a  freq u en cy  o f  0 .6  c y c le s /s e c .  At 0.35% q u a l i t y  th e  p re s s u re  
d i f f e r e n t i a l  had in c re a s e d  to  0 .5  p s id  w ith  a  freq u en cy  o f  A c y c le s /s e c .  
T h is  same tr e n d  was o b se rv ed  w ith  th e  l im i t e d  d a ta  a t  a  mass f lu x  
o f  1 .5  X 10^ ( l b m ) / ( h r ) ( f t f . I n  th e  q u a l i t y  ran g e  o f  3 to  10% th e  
m agnitude o f  th e  p re s s u re  d i f f e r e n t i a l  d e c re a se d  to  0 .1  to  0 .2  p s id  
b u t  th e  freq u en cy  was h ig h e r  a t  5 to  6 c y c le s /s e c .
The w a te r  m ixing  r a t e s  peaked a t  a  v o id  f r a c t i o n  o f  a p p ro x im a te ly  0 .5 .  
F o r flow  c o n d itio n s  a t  t h i s  v o id  f r a c t i o n ,  th e re  w ere, r a d i a l  p re s s u re  
d i f f e r e n c e s  o f  abou t l / 2  p s id  a t  a  freq u en cy  o f  0 .5 - 0 .6  c y c le s /s e c .  
wi-th r e g u la r  l a r g e r  p re s s u re  f lu c tu a t io n s  o f  0 .8  to  0 .9  p s id  a t  0 .2  
c y c le s /s e c .  At v o id  f r a c t i o n s  below  0 .5  th e  w a te r  m ix ing  r a t e s  
f e l l  o f f  r a p id ly  a s  d id  th e  r a d i a l  p re s s u re  d i f f e r e n c e s .  The a i r  
s lu g s  became more d i s t i n c t  and v i s u a l ly  th e  flow  ap p ea red  l e s s  
tu r b u le n t  a s  th e  bubb le  f lo w  regim e was approached  . A t q u a l i t i e s  
g iv in g  v o id  f r a c t io n s  g r e a t e r  th a n  0 .5  th e  w a te r  m ix ing  r a t e s  ag a in  
d e c re a se d  r a p id ly .  T h is  i s  to  be ex p ec ted  a s  th e  volume o f  w a te r  
a v a i la b le  to  mix i s  d e c re a s in g  and a p p ro ac h in g  z e ro . I n  a d d i t io n  
th e  tu r b u le n t  p re s s u re  f l u c t a t i o n s  may n o t  be  s u f f i c i e n t l y  la rg e  
to  m a in ta in  th e  e f f i c i e n t  m ix ing  o f  th e  w a te r .
The maximum a i r  m ix ing  r a t e s  d id  n o t  c o in c id e  w ith  th e  maximum 
w a te r  m ixing  r a t e s .  At flo w  c o n d itio n s  n e a r  th e  s lu g -a n n u la r  
t r a n s i t i o n  [29Z) th e  a i r  m ixing  r a t e s  peak ed . The r a d i a l  p re s s u re  
d i f f e r e n t i a l s  were n o t  a s  la r g e  h e re , ap p ro x im a te ly  0 .2  to  0 .3  p s id ,  
a s  a t  th e  lo c a t io n  o f  th e  maximum w a te r  m ix ing  r a t e s  b u t  t h e i r
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freq u en cy  was a lm o st an o rd e r  o f  m agnitude h ig h e r  (5 -6  c y c l e s / s e c . ) .
As th e  subchannel q u a l i t y  was d e c re a se d  th e  a i r  m ixing  r a t e s  f e l l - o f f  
r a p id ly .  T h is  cou ld  b e  a t t r i b u t e d  to  b o th  th e  d e c re a s in g  volume 
o f  gas a v a i la b le  to  mix and th e  ten d en cy  f o r  th e  a i r  to  flo w  a s  
d i s t i n c t  s lu g s  n e a r  th e  c e n tre  o f  th e  flo w  a r e a  w ith  l i q u id  f i lm s  
su rro u n d in g  them . At th e  h ig h e r  q u a l i t i e s  th e r e  was good agreem ent 
w ith  W a lto n 's  a i r  m ix ing  d a ta  [_1] w hich app roached  th e  s in g le  phase  
a i r  m ixing r a t e s  a t  a  com parable t o t a l  mass f lu x .
The shape o f  th e  tu r b u le n t  m ix in g  cun.^’e v s .  subchannel q u a l i t y  
a r e  i n  q u a l i t a t i v e  ag reem en t w ith  th e  work o f  Rowe and Angle [1 5 ,2Ô] . 
However, Rowe and A ngle found  t h a t  th e  m ix in g  was th e  same f o r  b o th  
steam  and th e  w a te r  u s in g  a  s o p h i s t i c a te d  L ith iu m /D eu te riu m /T itr iu m  
t r a c e r  te c h n iq u e  a t  h ig h  p re s  s u re s  (400 to  750 p s i a ) .  F ig .  6 .4  i s  in  
d isag ree m en t w ith  t h e i r  r e s u l t s  i n  t h a t  i t  w ould p r e d ic t  an  enhanced 
l i q u i d  in te rc h a n g e  a t  v e ry  low  q u a l i t i e s  (X<0.2%) w ith  a  g ra d u a l 
te n d en cy  to  th e  o p p o s ite  e f f e c t  a t  in te rm e d ia te  q u a l i t i e s  ( 0.2% to  10%) 
and th e n  eq u a l m ix ing  a s  homogeneous flo w  c o n d it io n s  were ap p ro ach ed .
In  a l l  c a se s  in v e s t ig a t e d  h e re  th e  t o t a l  m ixing  r a t e s  u n d e r  
tW'O-phase flo w  c o n d it io n s  w ere g r e a t e r  th a n  th e  s in g le -p h a s e  m ix ing  
r a t e s  a t  th e  same t o t a l  mass f l u x .  T h is  i s  a l s o  in  ag reem ent w ith  
th e  f in d in g s  o f  P e tru n ik  [ iS j  , Rowe and A ngle [1 5 ,2Ô] and W alton [ l 3  .
B. Comparison o f  P re s s u re  Drop P r e d ic t io n s  w ith  E x p erim en ta l D ata
The e x p e rim e n ta l p r e s s u re  drop  m easurem ents were compared 
w ith  th e  Owens [4 0 j and M a r t in e l l i - L o c k h a r t [41 ] p re s s u re  d rop  m odels.
A ll  d a ta  a re  ta b u la te d  in  A ppendix I I .
The e x p e rim e n ta l d a ta  a r e  compared to  th e  M a r t in e l l i -L o c k h a r t  
model in  F ig . 6 .6 .  The m a jo r i ty  o f  th e  p r e d ic te d  p re s s u re  d rop
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g ra d ie n ts  f a l l  w ith in  + 25^  and -  40$ o f  th e  e x p e rim e n ta l d a ta .
The Owens Homogeneous model p r e d ic te d  th e  p r e s s u re  d rop  g ra d ie n ts  
w ith in  -  25$ o f  th e  e x p e rim e n ta l d a ta  (se e  F ig . 6 .7 ) .
C. Void F ra c t io n
I n  F ig . 6 .8  th e  v o id  f r a c t i o n  m easurem ents a r e  p lo te d  v s .
th e  subchannel q u a l i t y ,  f o r  a  mass f lu x  o f  a p p ro x im a te ly  0 .8  x  10^
2
( Ib m )/(h r)  ( f t )  and a  p r e s s u re  o f  50 p s i a .  The d a ta  a r e  ta b u la te d  
i n  Appendix I I .  The c o r r e l a t i o n  o f  L o c k h a r t -M a r t in e l l i  [41]  a s  
curve f i t  by  He-;,dtt efc a l  [47]  was in  good ag reem en t o v e r  a  q u a l i ty  
ran g e  from  1$ to  20$. The p r e d ic t io n s  w ere h ig h  below  t h i s  q u a l i ty  
ra n g e . T h is  was n o t  u n e x p ec ted  a s  th e  c o r r e l a t i o n  was developed 
u s in g  v o id  f r a c t i o n  d a ta  from  round  tu b e s .
A s im p l i f ie d  c o r r e l a t i o n  o f  th e  v o id  d a ta  i s  g iv en  by ;
0<. = 1 .0  + Log^j^(Z)/4 (6.1)
The ran g e  o f  a p p l i c a b i l i t y  o f  t h i s  c o r r e l a t i o n  i s  f o r  a q u a l i ty  
o f  0.02% to  100$ w ith  a  s ta n d a rd  d e v ia t io n  o f  0 .0 1 .
D. U nequal Mass F lu x  and Q u a li ty
T u rb u le n t m ix ing  r a t e s  betw een a d ja c e n t  su b ch an n e ls  were 
m easured when u n eq u a l mass f l u x  and q u a l i t y  e x is te d  i n  th e  flow
a r e a s .  The q u a l i ty  and mass f lu x  were f ix e d  i n  th e  l e f t  channel
/ 2 
a t  ap p ro x im a te ly  3$ and 0 .6  x  10 ( lb m ) /(h r )  ( f t )  r e s p e c t iv e ly .
V arious com binations o f  q u a l i t y  and mass f lu x  (se e  A ppendix I I I )
w ere p a sse d  th ro u g h  th e  r i g h t  ch an n e l. The flow s and q u a l i t i e s
i n  w ere c a r e f u l ly  m atched to  g iv e  e q u a l a x i a l  p r e s s u re  g ra d ie n ts
i n  b o th  su b c h a n n e ls . T h is  s e t  o f  e x p e r im e n ta l ru n s  more c lo s e ly
approx im ated  th e  a c tu a l  c o n d i t io n s  i n  a  r e a c to r  ro d  f u e l  c l u s t e r
where a  h o t su bchannel (h ig h  X, low G) i s  a d ja c e n t  to  a  co ld
subchannel (low  X, High G).
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The d a ta  o b ta in ed  h e re  u n d er th e  above c o n d itio n s  in d ic a te  
t h a t  th e r e  i s  a  n e t  flow  o f  a i r  from th e  h ig h  to  th e  low  q u a l i ty  
su b ch an n e l. T h is  t r a n s f e r  o f  a i r  was m easured u s in g  ro ta m e te rs  in  
c o n ju c tio n  w ith  o v e r a l l  mass b a la n c e s  and has been te rm ed  th e  a i r
ij
tu r b u le n t  mass flow  w ith  th e  symbol, j  ( Ibm /hr) o r  th e  a i r  tu r b u le n t
t  , 2 ^
mass f lu x ,  J ^ ,  ( l b m ) / ( h r ) ( f t )  where th e  gap in te rc o n n e c t io n  space  
i s  u sed  a s  th e  c o n tro l a r e a .  S im ila r ly ,  f o r  th e  w a te r  f lo w s th e r e  
was a  n e t  t r a n s f e r  from th e  low  q u a l i t y  to  th e  h ig h  q u a l i t y  su b ch an e l.
T h is  w a te r  t r a n s f e r  r a t e ,  was m easured u s in g  ro ta m e te rs  and th e  d i r e c t  
w eigh ing  te c h n iq u e .
Superim posed upon th e s e  a i r  and w a te r  tu r b u le n t  mass f lu x e s  
w ere th e  a i r  and w ate r tu r b u le n t  m ix ing  r a t e s  w hich do n o t r e s u l t  
i n  a  n e t  mass t r a n s f e r .  I n  o rd e r  to  e s tim a te  th e se  tu r b u le n t  m ixing  
r a t e s  m ethane and p o tass iu m  n i t r a t e  t r a c e r s  were s im u lta n e o u s ly  
in j e c te d  a l t e r n a t e l y  in to  e ac h  su b ch an n e l. The t r a c e r  c o n c e n tra t io n s  
coupled  w ith  a  s im p l if ie d  t r a c e r  b a la n c e  (se e  S e c tio n  D .2) a llow ed  
p r e d ic t io n  o f  th e  m ixing r a t e s .
The d a ta  a re  ta b u la te d  i n  Appendix I I I  and p re s e n te d  g r a p h ic a l ly  
i n  F ig . 6 . 9 .
1 .  V a r ia t io n  o f  T u rb u len t Mass F lu x  v rith  In te r -S u b c h a n n e l Mean Volume 
Void F ra c tio n  D if fe re n c e
In  F ig . 6 .9  b o th  th e  a i r  and w a te r  tu r b u le n t  mass f lu x e s ,  a r e  
p lo t te d  a g a in s t  th e  in t e r - s u b  channel mean volume v o id  f r a c t i o n  d i f f e r e n c e s  Ao< 
a n d A ( l  ~«C) r e s p e c t iv e ly .  Here A ^  has been  d e f in e d  a s :
A ^  = /g £ jn _ jf^ _ o u t) _ /(X in  + 0  o u t \  (6.2)
\  2 J  h±X y  2 y 10 X
T his p lo t  in d ic a te d  th e  w a te r  tu r b u le n t  mass f l u x , w a s













j)(ÜH)/(wgi) 0^1 x^r 
‘xnii ssvw iNsinewni H3 i m
j l  j}(WHl/(M81) p_\ X




























Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
58.
p ro p o r t io n a l  to  a mean d r iv in g  fo rc e  A (1 -o c ) w hich e x is te d  between 
th e  su b ch an n e ls . T h is was th e  case  f o r  a i r  a l s o ,  up to  a  o f  B%. 
Any f u r th e r  in c re a s e  in  t h i s  mean d r iv in g  fo rc e  d id  n o t  r e s u l t  i n  
h ig h e r  a i r  tu r b u le n t  mass f lu x e s .  A l te r n a te ly ,  tu r b u le n t  v o lu m e tric  
f lu x e s ,  i n  ( f t ^ ) / ( h r ) ( f t ^ )  cou ld  have been  p lo t t e d  to  g ive  
i d e n t i c a l l y  shaped p lo t s  r à t h  th e  a i r  tu r b u le n t  v o lu m e tr ic  f lu x  
ap p ro x im ate ly  an o rd e r  o f  m agnitude g r e a t e r .  T h is  su g g e s ts  t h a t  
mass t r a n s f e r  c o e f f i c i e n t s ,  cou ld  be  d e f in e d  a c c o rd in g  to  P ic k 's  
F i r s t  law  o f  d i f f u s io n :
= lÿ A ( l  -oc) (6 .3 )
and
= k^  A ^  (6 .4 )
g ^
F o r w a te r , k ^  was e q u a l to  3 .1  x  10^ ( f t ) / ( h r )  and  f o r
a i r  kg equaled  1 4 .5  x  10^ ( f t ) / ( h r )  f o r  0< A «4< 0 .08 . There a re  no
d a ta  a v a i la b le  T-âth w hich to  compare th e s e  mass t r a n s f e r  c o e f f i c i e n t s .  
C ousins and H ew itt L4£) have m easured l i q u i d  phase mass t r a n s f e r  
i n  a n n u la r  tw o-phs.se a i r - w a te r  flow s in  3 /8 - in  and i j - i n  I .D . tu b e s .  
T h e ir  d r o p le t  d e p o s it io n  d a ta  f o r  a  d e p o s i t io n  le n g th  o f  Ig —f t  gave 
a  v a lu e  o f  eq u a l to  ap p ro x im a te ly  2 .2  x  10-  ^ ( f t / h r )  w hich i s  th e  
same o rd e r  o f  m agnitude a s  de te rm in ed  h e re .
2 . T u rb u len t M ixing R ates  w ith  U nequal Mass F lux  and Q u a lity
The fo llo w in g  s im p l i f ie d  t r a c e r  mass b a la n c e  was d e r iv e d  in
t  t
o rd e r  to  p r e d ic t  th e  tu r b u le n t  m ix ing  r a t e s ,  and when a i r  
and w a te r  tu r b u le n t  mass flow s were ta k in g  p la c e  (se e  F ig . 6 .1 0 ) .






¥, = su b channel mass flow  r a t e
(Ibm /hr)
C = i n l e t  c o n c e n tra c t io n  /Ibm t r a c e r
Lbm f l u i d
G = e x i t  c o n c e n tra c t io n  /lbm t r a c e r \
\lbm f lu i d




= m ix ing  r a t e  (Ibm /hr)
= tu r b u le n t  mass flo w  (Ibm /hr)
L = s l o t  l e n g th  ( f t )
F ig u re  6 .1 0  M ixing Flow Diagram
An o v e r a l l  t r a c e r  b a la n c e  f o r  m ix ing  le n g th  L , r e s u l t s  i n :  ^ ^  g '
V i  + '^ .1  ( - & ^ )  + 4 . /
I n  o b ta in in g  eq u a tio n  6 .5  i t  was assumed that(X -j>  and th a t
2 c a r r ie d  w ith  i t  th e  o p p o s i te  t r a c e r  (m ethane o r  p o tass iu m  n i t r a t e )  
to  . . .  F o r t r a c e r  i n j e c t i o n  in  subchannel 1 , Op e q u a ls  z e ro , and 
n o t in g  t h a t  ¥^ g -  ‘^^ 2 1 “  e q u a tio n  6 .5  re d u c e s  to :
r t , (6 . 6)
S u b s t i tu t in g  f o r  we o b ta in  th e  fo llo w in g  tu r b u le n t  m ix ing  e q u a tio n
  (6. 6)¥ ,
2
^1 (^2  _ j^ /2 )
C ^ /C ^ (¥ \  ¥^) i  (¥^ _¥^)
S im i la r ly  i n j e c t i n g  t r a c e r  in t o  subchannel 2 and u s in g  a  t r a c e r  
b a la n c e  on t h i s  subchannel we o b ta in :
2^ _ X ' l  -  ;i^/2^2/^i (^2 + ^2)+
2 G2/Cq(¥2+ b j )  +(¥]_ —¥ 2)
(6 .7 )
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6 0 .
U sing  th e  above model to  p r e d i c t  th e  w a te r  and a i r  tu r b u le n t  
m ix in g  r a t e s  i t  was found t h a t  th e y  w ere lo w er th a n  th o s e  w dth 
no tu r b u le n t  mass f lu x ,  J  , p r e s e n t  ( s e e  T ab le 6 .1 ) .
T ab le  6 .1
Comparison o f  Two-Phase T u rb u le n t M ixing  D ata w ith  Tvro-Phase T u rb u le n t 
M ixing Data when T u rb u le n t Mass F lu x  was P r e s e n t




M ixing P a te  
( I b m / h r . f t . )
W ater
M ixing R ate w ith  T u rb u le n t 
Mass F lux  P re s e n t  
( I b m / h r . f t . )
A ir  W ater
0 .0 2 6 7 .0 130 .0 2 .8 7 51 .0
0 .0 1 9 5 .2 118 .0 1 .3 0 4 5 .6
0 .0 2 3 6 .4 110 .0 2 .3 7 53 .0
0 .2 0 0 5 .5 11 5 .0 2 .0 6 5 9 .4
0 .1 8 0 4 .9 120 .0 1 .0 1 55.0
N ote: In  d e r iv in g  th e  s im p le  m ix ing  model u sed  to  d e te rm in e
th e  above tu r b u le n t  m ix ing  r a t e s  th e  fo llo w in g  assu m p tio n s were 
made.
( i )  The f l u i d  le a v in g  one su b channel has th e  av e ra g e  p r o p e r t i e s  
( t r a c e r  c o n c e n tra tio n )  o f  t h a t  c h a n n e l.
( i i )  The tu r b u le n t  mass flo w s le a v e  w i th  th e  av erag e  p r o p e r t i e s  
( t r a c e r  c o n c e n tra tio n )  o f  th e  donor su b ch an n e l.
( i i i )  The tu r b u le n t  mass flo w  o f  a i r  f lo w s  from th e  h ig h  to  th e
low  q u a l i t y  subchannel and th e  tu r b u le n t  m ass flo w  o f  w a te r  flow s from 
th e  low  to  th e  h ig h  q u a l i t y  su b ch an n e l.
( iv )  T here i s  no back  m ix in g  o f  th e  t u r b u l e n t  mass f lo w s .
(v) T u rb u le n t m ix ing  r a t e s  r e s u l t  i n  no n e t  mass t r a n s f e r  
betw een  th e  su b ch an n e ls .
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V II .  CONCLUSIONS 
T u rb u len t m ix ing  r a t e s  betw een two a d ja c e n t  t r i a n g u l a r  subchannels 
ha.ve been  m easured f o r  tw o-phase a i r - w a te r  flow s w ith  eq u a l and 
u n eq u a l mass f lu x  and q u a l i ty  p r e s e n t  i n  th e  su b c h a n n e ls . Summarized 
h e re  a r e  th e  m ain co n c lu s io n s  o f  t h i s  s tu d y :
A. E qual lla ss  F lu x  and Q u a lity
(1) M ixing r a t e s  a r e  a  fu n c tio n  o f  th e  subchannel q u a l i t y .
(2) M ixing r a t e s  a r e  flo w  regim e d ependen t.
(3) There ap p ea rs  to  be a  c o r r e l a t i o n  betw een th e  p re s s u re
f lu c tu a t io n s  i n  th e  subchannel and th e  tu r b u le n t  m ix ing  r a t e s .
(A) The w a te r m ix ing  r a t e s  reac h ed  a  maxima in  th e  s lu g  flow
regim e a t  an approx im ate q u a l i t y  o f  Q.1% (0 .5  v o id  f r a c t i o n ) .
(5 ) The a i r  m ix ing  r a t e s  reach ed  a  maxima n e a r  th e  s lu g -a n n u la r  
t r a n s i t i o n  re g io n  a t  an  app rox im ate  q u a l i t y  o f  Gfa (0 .7 2  v o id  
f r a c t i o n ) .
(6) The a i r  and w a te r  m ixing r a t e s  in c re a s e d  w ith  th e  t o t a l  mass 
f lu x  ( f o r  a f ix e d  q u a l i t y ) .
(7) The r e l a t i v e  m ix ing  r a t e s  d e c re a se d  w ith  th e  t o t a l  mass 
f lu x  ( f o r  a f ix e d  q u a l i t y ) .
(8) The t o t a l  tw o-phase m ix ing  r a t e s  were g r e a t e r  th a n  th e  s in g le -  
phase  m ixing r a t e s  a t  th e  same t o t a l  mass f lu x .
B, U nequal Mass F lu x  and Q u a li ty
(1) A ir  ten d ed  to  flow  from th e  h ig h  to  th e  low  q u a l i t y  su b channel.
(2) W ater tended  to  flow  from th e  low to  th e  h ig h  q u a l i t y  su bchannel.
(3) The w a te r tu r b u le n t  mass f lu x  was found to  be  p ro p o r t io n a l
to  th e  mean d r iv in g  fo rc e  A (1 -  OC ) .
61.
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(4.) The a i r  tu r b u le n t  m ass f lu x  was found to  be p ro p o r t io n a l  to  
th e  mean d r iv in g  fo rc e  AOd (0 <  A c( <  8 $ ) . F or >  8^ 
th e  a i r  tu r b u le n t  m ass f lu x  became in d ep en d en t of Aô( ,
( 5) The a i r  and w a te r  tu r b u le n t  m ix ing  r a t e s  were su p p ressed  
when tu r b u le n t  mass f].ux was p r e s e n t .  These m ix ing  r a t e s  
were s t i l l  h ig h e r  th a n  th e  s in g le  phase m ix ing  r a t e s  a t  
th e  same t o t a l  mass f lu x .
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NOMENCLATUEE
D im ensions a r e  g iven  in  te rm s o f  f o r c e  (E ), energy (E ) , le n g th  





















subchannel c ro s s  s e c t io n a l  a re a  
s l o t  w id th
c o n c e n tra t io n  o f  t r a c e r  
h e a t  c a p a c ity  
ro d  d ia m e te r  
m o le c u la r  d l f f u s i v i t y  
e q u iv a le n t  d ia m e te r  
Fanning  f r i c t i o n  f a c t o r
e m p ir ic a l m ix ing  f a c t o r  to  acc o u n t f o r  tu rb u le n c e  
p rom oters
a c c e le r a t io n  due to  g r a v i ty  
subchannel m ass f lu x  
h e a t t r a n s f e r  c o e f f i c i e n t  
d im e n s io n le ss  v e lo c i ty  
th e rm a l c o n d u c t iv i ty  
mass t r a n s f e r  c o e f f i c i e n t  
d im e n s io n le ss  c o n s ta n t 
d im e n s io n le ss  c o n s ta n t 
s l o t  le n g th  
d im e n s io n le ss  c o n s ta n t 
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K a sse lt number 
Npg P e c le t  number 
Npy P ra n d tl  number 
% e  Reynolds number 
Ngg Schm idt number 
Ngh Sherwood number 
Ng^ S tan to n  number
p d is ta n c e  betw een rod  c e n tr e s  (p i tc h )  L
P p re s s u re  F/L^
Re e q u iv a le n t ra d iu s  L
Sm s l o t  shape f a c to r
T te m p era tu re  T
¥  mass flow  r a t e  M/©
X q u a l i ty
y  in te rs u b c h a n n e l m ixing  d is ta n c e  L
Z m ixing d is ta n c e  betw een subchannels  L
Greek Symbols
oC d im en s io n le ss  c o n s ta n t , v o id  f r a c t io n
ju . v i s c o s i t y  M/L
3
6  d e n s ity  M/L
S tu r b u le n t  d i f f u s i v i t y  I>V©
'Ÿ' in v e rs e  o f  P e c le t  number
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S u b s c r ip ts
g gas
H h e a t
i subchannel
J subchannel
l i q u id
M momentum
S u p e r s c r ip ts
t  tu r b u le n t  p ro p e r ty
*  d im en s io n le ss  q u a n t i ty
av erag e  q u a n t i ty
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Appendix I
Comparison o f  W a lto n 's  [1 ^  d a ta  w ith  c o r r e l a t i o n s  o f  In g e rso n  [ z ? ]  
and S k in n er e t  ad [16Q.
The fo llo w in g  c o r r e la t io n s  o f  In g e rso n  [27] , were compared 
to  W a lto n 's  [1 ] d a ta  f o r  s in g le  phase  w a te r  and a i r  S tan to n  numbers:
% tNo+ = A \Æ f  (6 .1 2  p /D g  - 3 . 03)  ( I . l )
^  ^ ij^ w
f o r  p i t c h / r o d  d ia m e te r , p /d ,  g r e a te r  th a n  1 .1 5  f o r  any rod  
c o n f ig u ra tio n  and;
—= A v S f  0 .9 5  f  p /d  ^  2 f a  .  a  1 3 /2  ( 1 . 2 )
2 0 Z i j  p ^  V p / d - l /  \ d  D g /
w here ^ i j  = c e n t r o id a l  d is ta n c e  
p^  = w e tte d  p e r im e te r
f o r  any  rod  c o n f ig u ra t io n  and any p /d .  B oth  c o r r e l a t i o n s  o v er
p re d ic te d  th e  m ix ing  r a t e s  (see  F ig . I . l ) .
The fo llo w in g  c o r r e la t io n  o f  S k in n e r e t  a l  [16 ] was a ls o  compared:
Ngt = -0 .1 1 6 [  y+ < k ln  (% e 3  ( 1 .3 )
w here ^ = - 0 .1 8 4
cC = 0 .013  f o r  smooth ro d s .
T h is  c o r r e la t io n  a l s o  o v e r p re d ic te d  th e  m ix ing  r a t e s  (se e  F ig . 1 . 2 ) .
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c p o c 5 5 ^
IX 10
□  EQUATION I  I (WATER) 
O  EQUATION I-1 ( AI R)
■  e q u a t i o n  1 2  (WATER) 
#  EQUATION 1 2  (AIR)
-2ixio
EXPERIMENTAL STANTON N U M B E R ,
F ig u re  I . l  Comparison o f  P re d ic te d  and  E x p erim en ta l S tan to n  Number

























E XPER IM EN TA L STANTON N U M B E R ,  Ng.^
-2
F ig u re  1 .2  Comparison o f  P re d ic te d  and E x perim en ta l S tan to n  Number
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APPENDIX I I
Two-Pba.se M ixing D ata
The ru n  number was re c o rd e d  i n  a  f iv e  d i g i t  code. The f i r s t  
two n u m e ric a l d i g i t s  on th e  l e f t  r e p r e s e n t  th e  ru n . The t h i r d  
d i g i t  i s  a lp h a b e t ic  and g iv e s  th e  t r a c e r  i n j e c t i o n  s id e  i . e .  r i g h t  (R) 
o r  l e f t  (L ) . The r i g h t  two d i g i t s  g iv e  th e  m ix ing  s l o t  le n g th  
in  in c h e s .
Example
Run number: 2,5 Ç 1,8
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T ab le  I I .  3 •  ^ WO p h a s e  t u r b u l e n t  P I X I N G  B A T A
TOT AL QUALITY AVCRAGF MIXING OIM ENSinNLESS PRFSSURP DROP
RUN MASS FLUX OF R A T E (L B /H R .F T ) V 6 L 0 C IT IE S ( P S I / f T  1 REGIME v n i n
NUNBFR ( L 0 / H R . F T 2 ) STREAM AIR WATER JG* J L * CBSEPVEn OWENS MARTINELLI CODE f r a c t  i p n
OIREO IL10 1 0 4 8 2 2 . 0 6 2 6 9 2 . 4 1 2 1 9 .  129 0 . 7 1 1 0 . 6 7 5 1 . 4 2 0 .  12 0 . 2 5 2 0 . 7 1 0
02 R 6 0 2 L  18 1 0 2 8 8 5 . 0 4 5 2 4 2 .  3 0 3 1 8 . 6 9 7 0 . 5 0 2 0 . 6 7 5 1 . 6 9 0 . 0 8 0 . 2 0 1 0 . 6 6 8
0 3 P 8 0 3 L 1 8 1 0 2 5 4 4 . 0 4 2 0 6 1 .  54 2 2 0 . 2 6 0 0 . 4 6 5 0 . 6 7 5 1 . 5 8 0 . 0 8 0 . 2 0 1 0 . 6 6 3
0 4R R04L18 7 8 7 4 0 8 . 0 0 6 3 0 1 . 4 0 0 5 1 . 2 7 2 0 . 5 3 5 5 . 3 7 5 1 . 5 7 0 . 7 9 1 . 0 7 3 0 . 4 7 7
0 5 R 8 0 5 L 1 8 7 8 7 4 1 7 . 0 0 6 3 1 C .9 6 C 2 3 8 . 9 6 1 0 . 5 3 6 5 . 3 7 5 0 . 1 1 0 . 7 0 1 . 0 7 3 0 . 4 7 7
06RK06L18 7 8 2 3 9 9 . 0 0 5 7 0 C. 82C 1 6 0 . 5 4 5 0 . 4 8 1 5 . 3 4 4 0 . 9 3 0 . 7 6 0 . 9 9 3 0 . 4 6 9
07R G 07L18 7 8 5 0 2 4 .C 0 3 2 8 0 . 4 6 5 1 0 2 . 9 6 8 0 . 2 7 8 5 . 3 7 5 0 . 8 3 0 . 6 9 0 . 7 2 3 0 . 4 2 7
08 R E 0 8L 1 8 7 7 9 5 9 7 • 0 0 2 1 2 0 . 4 8 6 9 4 . 6 4 6 0 . 1 7 9 5 . 3 4 4 . 0 . 8 0 0 . 6 7 0 . 5 9 3 0 . 3 9 3
0RRC09L18 7 7 8 6 2 3 . 0 0 0 8 7 0 .  0 5 7 8 6 . 6 6 3 0 . 0 7 3 5 . 3 4 4 0 . 7 9 0 . 6 7 0 . 4 6 3 0 . 3 2 4
10RG 10L18 4 9 2 7 4 1 . 0 2 3 9 0 4 .  5 4 1 5 2 . 0 1 1 1 . 2 7 0 3 . 3 0 4 0 . 7 5 0 . 7 1 0 . 9 6 4 0 . 6 5 3
1 1 R G U L 1 8 4 9 9 4 1 5 . 0 3 6 9 5 5 .  2 8 2 9 0 . 5 8 1 1 . 9 9 0 3 . 3 0 4 1 . 1 1 0 . 9 4 1 . 2 2 4 0 . 7 0 5
12RG 12L18 5 0 6 6 1 9 . 0 5 0 6 4 9 .  4 2 9 3 7 .  781 2 . 7 6 6 3 . 3 0 4 1 . 3 9 1 .  19 1 . 5 1 4 0 . 7 4 1
13R C13L18 5 1 8 8 9 0 . 0 7 3 0 9 . 1 0 . 4 9 6 1 1 1 . 7 7 8 4 .  0 8 9 3 . 3 0 4 1 . 8 0 1 . 6 2 2 . 0 3 4 0 . 7 8 2
14RG 14L18 5 3 6 1 2 6 . 1 0 2 8 9 7 .  7 2 9 5 7 .  632 5 .  9 4 8 3 . 3 0 4 2 . 3 6 2 . 2 2 2 . 8 1 4 0 . 8 1 7
15RG 15L18 5 4 3 5 1 2 . 1 1 5 0 8 7 . C 7 6 4 9 . 9 1 1 6 .  7 44 3 . 3 0 4 2 . 7 1 2 . 4 8 3 . 1 7 4 0 . 8 2 8
16RG 16L18 1 5 1 9 5 2 6 . 0 0 1 1 3 C . 0 1 2 4 0 8 . 5 5 1 0 .  185 1 0 . 4 2 6 1 . 2 0 1 . 3 5 1 . 1 8 3 0 . 3 0 5
17RG17L18 1 5 1 9 1 6 0 . 0 0 0 6 9 0 . C 1 2 4 0 . 3 3 5 0 . 1 4 6 1 0 . 4 2 6 1 . 1 9 1 . 3 3 1 . 0 3 3 0 . 2 8 6
1 8 R 6 1 8 L 1 8 1 5 1 8 3 9 3 . 0 0 0 3 9 0 . 0 0 6 1 1 5 . 7 4 5 0 .  063 1 0 . 4 2 6 1 . 1 9 1 . 2 7 0 . 7 3 3 0 . 2 1 9
1 9R C 19L18 5 5 3 0 9 5 • 0 8 8 4 9 6 .  33 8 4 7 . 9 0 1 5 . 2 7 7 3 . 4 6 3 2 . 2 8 2 . 0 9 2 . 6 2 4 0 . 8 0 ?
20RG 20L18 5 4 5 6 3 8 . 0 7 6 0 3 6 .  5 2 8 5 6 . 5 6 0 4 . 4 7 3 3 . 4 6 3 1 . 9 8 1 . 8 2 2 . 2 7 4 0 . 7 8 6
21 R S 2 1 L 1 8 5 3 9 3 4 2 . 0 6 5 2 5 9 . 1 9 0 6 5 .  1 4 7 3 . 7 9 4 3 . 4 6 3 1 . 6 8 1 . 5 9 1 . 9 9 4 0 . 7 6 9
2 2 R f . 2 2 L i a 8 6 0 7 8 2 . 0 5 9 4 3 7 . 7 8 6 8 0 . 8 1 0 5 . 5 1 6 5 . 5 6 2 3 . 6 1 3 . 3 8 4 . 1 0 4 0 . 7 6 0
23RG 23L18 8 4 7 4 9 2 • 0 4 4 6 8 7 . 7 1 2 8 2 . 8 8 3 4 . 0 8 3 5 . 5 6 2 2 . 8 7 2 . 6 7 3 . 2 4 4 0 . 7 2 8
24RG 24L18 8 4 5 9 8 4 . 0 3 2 3 1 9 .  0 5 3 8 4 .  3 3 0 2 . 9 4 7 5 . 6 2 4 2 . 4 7 2 . 0 9 2 . 6 1 4 0 . 6 8 8
25RG 25L18 8 3 9 8 1 3 . 0 2 5 2 0 4 . 1 1 8 8 5 . 2 3 3 2 . 2 8 2 5 . 6 2 4 2 . 0 7 1 . 7 5 2 . 2 3 4 0 . 6 5 8
2 6 R & 2 6 L 18 8 3 7 0 6 7 . 0 2 2 0 0 6 . 4 6 7 1 0 6 . 6 6 9 1 . 9 8 6 5 . 6 2 4 1 . 8 1 1 . 5 6 2 . 0 6 4 0 . 6 4 0
27 R C 2 7L 18 8 3 2 2 8 0 . 0 1 6 3 8 5 . C 2 9 1 1 4 . 3 0 5 1 . 4 7 0 5 . 6 2 4 1 . 5 6 1 .  31 1 . 7 7 4 0 . 6 0 2
2 8R C28L18 8 2 6 6 7 0 . 0 0 9 7 0 2 . 7 1 4 1 2 1 . 0 3 4 0 .  865 5 . 6 2 4 1 . 2 5 0 . 9 9 1 . 4 2 4 0 . 5 3 4
29RC29L 18 1 4 0 0 2 5 8 . 0 0 9 9 7 2 . 6 1 5 1 7 8 .  5 8 0 1 . 5 0 5 9 . 5 2 3 2 . 9 2 2 . 3 3 3 . 2 2 4 0 . 5 3 8
3 0 R & 3 0 L 18 1 4 2 9 6 0 7 . 0 0 7 3 0 3 . 3 4 4 1 7 2 . 4 5 6 1 . 1 2 5 9 . 7 4 9 2 . 6 5 2 . 0 5 2 . 9 4 4 0 . 4 9 6
3 l R f . 3 l L I 8 1 4 2 6 0 0 6 . 0 0 4 7 9 1 . 8 2 4 1 6 4 . 8 5 7 0 . 7 3 7 9 .  7 4 9 1 . 7 5 1 . 7 0 2 . 5 4 4 0 . 4 4 2
32R&32L18 1 4 4 0 5 0 0 . 0 0 3 3 9 1 . C 6 8 1 2 5 .  51C C . 5 2 7 9 . 8 6 2 1 . 6 7 1 . 5 6 2 . 2 3 3 0 . 3 9 0
33RG331.18 1 4 5 5 4 0 7 . 0 0 2 3 0 1 . 2 4 3 8 5 . 6 2 4 0 . 3  61 9 .  97 5 1 . 5 7 1 . 4 4 1 . 7 2 3 0 . 3 5 9
34RF.34L 18 1 4 3 7 5 5 4 . 0 1 2 7 8 5 .  193 1 7 7 .  84 8 1 . 9 8 2 9 . 7 4 9 3 . 3 3 2 . 8 2 3 . 7 5 4 0 . 5 7 4
35R G 35LIB 1 4 3 3 5 5 4 . 0 1 0 0 3 3 . 7 1 4 1 8 3 . 1 0 9 1 . 5 5 0 9 . 7 4 9 3 . 0 1 2 . 4 4 3 . 3 4 4 0 . 5 4 2
3 6 R G 3 6 L 18 1 4 2 9 7 7 9 . 0 0 7 4 1 2 . 7 6 5 1 7 3 . 4 8 1 1 . 1 4 3 9 . 7 4 9 2 . 6 1 2 . 0 7 2 . 9 4 4 0 . 5 0 2
37RF.37L 18 1 4 2 5 6 8 6 . 0 0 4 7 1 2 . 6 9 9 1 6 9 . 5 1 2 0 . 7 2 4 9 . 7 4 9 2 . 1 4 1 . 6 9 2 . 5 2 4 0 . 4 4 1
38RG38L 18 1 4 2 2 4 9 5 . 0 0 2 3 3 0 .  32 6 1 2 4 .  867 0 . 3 5 8 9 . 7 4 9 1 . 4 2 1 . 3 7 1 . 6 2 3 0 . 3 6 8
39RF.39U 18 1 4 2 0 9 4 2 . 0 0 1 2 4 0 .  01 2 6 1 . 9 8 5 0 . 1 9 0 9 . 7 4 9 1 . 3 7 1 . 2 4 1 . 0 9 3 0 . 3 2 0
4 0R C40L 18 1 4 2 0 5 1 7 . 0 0 0 9 4 0 . C 0 4 5 0 . 5 6 7 0 . 1 4 5 9 . 7 4 9 1 . 3 4 1 . 2 1 0 . 9 5 3 0 . 2 9 9
41 P G 41 L  18 1 4 2 0 1 5 4 . 0 0 0 6 9 O.C 7 0 . 6 4 7 0 . 1 0 5 9 . 7 4 9 1 . 3 1 1 .  18 0 . 8 2 3 0 . 2 7 4
4 2 R & 4 2 L 18 1 4 1 9 7 9 2 . 0 0 0 4 3 0 . 0 4 1 . 1 7 6 0 .  0 66 9 . 7 4 9 1 . 2 7 1 .  16 0 . 6 9 3 0 . 2 3 7
43RG43L IB 1 4 1 9 5 2 0 . 0 0 0 2 4 O.C 4 2 . 0 1 5 0 . 0 3 7 9 .  7 4 9 1 . 2 6 1 . 1 4 0 . 6 0 3 0 .  19 0
44RG 44L18 1 4 1 9 3 6 8 . 0 0 0 1 3 0 . 0 4 0 . 7 8 7 0 .  021 9 . 7 4 9 1 . 2 3 1 .  14 0 . 5 5 3 0 . 1 4 3
45RG43L 18 1 5 1 8 1 6 0 . 0 0 0 2 3 O.C 4 9 . 6 2 6 0 . 0 3 8 1 0 . 4 2 6 0 . 9 5 1 . 23 0 . 6 3 3 0 . 1 8 4
46R &46LIB 1 5 1 7 9 8 8 . 0 0 0 1 2 0 . 0 4 0 . 9 2 5 0 .  02  0 1 0 . 4 2 6 0 . 9 5 1 . 2 3 0 . 5 7 3 0 . 1 2 9
4 7 Q G 4 7L 18 1 5 1 7 9 5 2 . 0 0 0 1 0 0 . 0 4 5 . 7 3 8 0 . 0 1 6 1 0 . 4 2 6 0 . 5 9 1 . 2 2 0 . 5 5 3 0 . 1 1 1
4 8 R 8 4 8 L  18 1 5 1 7 9 1 9 . 0 0 0 0 7 O.C 5 4 . 0 9 4 0 . 0 1 2 1 0 . 4 2 6 0 . 5 9 1 . 2 2 0 . 5 4 3 0 . 0 9 2
4 «R f .49L  18 1 5 1 7 8 9 7 . 0 0 0 0 6 0 ,  0 4 9 . 4 6 1 C .O lO 1 0 . 4 2 6 0 . 5 7 1 . 2 2 0 . 5 4 3 0 . 0 7 5
‘SORf.SOL 18 1 5 1 7 8 7 9 . 0 0 0 0 5 O.C 5 7 . 7 9 2 0 . 0 0 8 1 0 . 4 2 6 0 . 5 5 1 . 2 2 0 . 5 3 3 0 . 0 5 8
S1RC51L 18 1 5 1 7 8 6 7 • 0 0 0 0 4 O.C 4 5 . 9 0 3 0 .  0 0 6 1 0 . 4 2 6 0 . 5 5 1 . 2 2 0 . 5 3 3 0 . 0 4 5
3 2 R G 8 2 L 1 8  1 5 1 7 8 4 3  
REGIME CODE
. 0 0 0 0 2 O.C 4 9 . 0 5 1 0 . 0 0 4 1 0 . 4 2 6 0 . 5 5 1 . 2 2 0 . 5 3 3 0 . 0 0 9
1 A Î R - V  t W/ \ T E R - V
2 A I P - T  , Wf l T  F R - V
3  A I P - V , W A T E R - T
4  A I R - T  . W A T E R - T
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